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ABSTRACT
an experim en t perform ed  a t  TRIUMF, e x c lu s iv e  d a ta  f o r  the 
r e a c t i o n  HCp.dn )n  a t  506 MeV were o b ta in e d .  The p r im ary  v a r i a b l e s  
m easured were th e  d e u te ro n  momentum and d e u te ro n  a n g le s ,  o b ta in e d  w ith  
th e  Medium R e s o lu t io n  S p ec tro m ete r  (MRS), and th e  p io n  a n g le s  d e te c te d  
i n Qa 1 4 - t e l e s c o p e ^ a r r a y . D eu te ron  a n g le s  covered  were betw een 11 and 
17o i n Qs te p s  o f  2 . The p io n  t e l e s c o p e s  were p o s i t i o n e d  between 24 and 
96 , 4 a p a r t  f o r  th e  f i r s t  n in e ,  and 9 a p a r t  f o r  th e  rem ain ing  f iv e  
c o u n t e r s .
The f i f t h  o rd e r  d i f f e r e n t i a l  c r o s s  s e c t i o n  a re  t r a n s fo rm e d  to  a 
n e u t ro n  momentum d e n s i t y  w i th  th e  h e lp  o f  th e  Im pulse  A pproxim ation . 
P a r t s  o f  th e  r e s u l t  compare w e l l  w ith  p r e v io u s  d a ta  and t h e o r e t i c a l  ex­
p e c t a t i o n  f o r  th e  n e u t ro n  momentum d e n s i t y  i n  th e  d e u te ro n .  The rem ain­
ing  p a r t  i s  d i s c u s s e d  i n  term s o f  a nd r e s c a t t e r i n g  c o r r e c t i o n  to  the  
Im pulse A pprox im ation .
BEIRU DEBEBE 
DEPARTMENT OF PHYSICS 
THE COLLEGE OF WILLIAM AND MARY IN VIRGINIA
vii
A STUDY OF THE REACTION
C hap te r  I  
INTRODUCTION
The s tu d y  o f  p io n  p r o d u c t io n  induced  by n u c leo n s  on l i g h t  nuc­
l e i  has been a s u b j e c t  of c o n t in u in g  i n t e r e s t  s in ce  th e  1 9 5 0 's  and h as  
produced some c o n c re te  ad v an ces .  A v a s t  amount o f  d a ta  h a s  been c o l l e c t ­
ed in  the  p a s t  32 y e a r s ,  c o v e r in g  a wide range  of e n e r g i e s .  There a l s o  
has  been a c o n s id e r a b le  amount o f  t h e o r e t i c a l  work d ev o ted  to  the  p io n  
p ro d u c t io n  mechanism. The a c t i v i t y  in  t h i s  f i e l d ,  b o th  t h e o r e t i c a l  and 
ex p e r im en ta l ,  i s  q u i t e  a l iv e  a t  th e  p r e s e n t .
P ion  p r o d u c t io n  by p r o to n s  i n c id e n t  on a d e u te r o n ,  the  most e l ­
ementary n u c le u s ,  i s  o f  fundam enta l i n t e r e s t  in  u n d e rs ta n d in g  n u c le o n -  
n u c leu s  p ion  p r o d u c t i o n .  S in g le  p io n  p r o d u c t io n  from d eu te r iu m  can p r o ­
ceed v ia  tw o-, t h r e e - ,  o r  fo u r -b o d y  r e a c t i o n s :
p + d —»• *H + n +o ( 1 .1 a )
p + d —>■ He + jt (1 .1 b )
p + d •—k d + it"*" + n ( 1 .1 c )
p + d —>■ d + jt + p ( l . l d )
p + d - > - p  + n  + TT + n ( l . l e )
p + d —>- n + p + n + p ( l . l f )
p + d —> p + p  + JT-  + p ( l . l g )
The two body r e a c t i o n s  (1 .1 a )  and (1 .1 b )  have been  s tu d ie d  e x -
1 -8  9-16
p e r im e n ta l ly  and t h e o r e t i c a l l y .  However, p io n  p ro d u c t io n  in v o lv ­
ing  th r e e -  and fo u r -b o d y  r e a c t i o n s  a re  s t i l l  l a r g e l y  u n ex p lo red  ex c e p t  
f o r  the s in g le  arm d a ta  of Cochran e t  a l . ^  and H i r t  e t  a l.*®  and two 
k in e m a t i c a l ly  com plete  e x p e r im en ts  on the  r e a c t i o n  ( l c )  by K. R. 
Hogstrom e t  a l . ^  and J .  W. Lo e t  a l .^®
- 1 -
21 .1  MECHANISMS
P io n  p ro d u c t io n  a t  e n e r g ie s  above th re s h o ld  i s  t h e  r e s u l t  o f  a 
s in g le  n u c le o n -n u c le o n  i n t e r a c t i o n  w i th in  t h e  n u c leu s .  However, t h e r e  
a re  d i f f e r e n c e s  between f r e e  n u c le o n -n u c le o n  c o l l i s i o n s  and c o l l i s i o n s  
w i th in  the  n u c l e u s ,  and so t h e  fo llow ing  e f f e c t s  must be ta k e n  i n t o  a c ­
coun t .  The f i r s t  one i s  th e  F e rm i motion o f  th e  nucleons i n  th e  n u c le u s ,  
an e f f e c t  w h ich  enables p i o n  p ro d u c t io n  t o  occur a t  an en e rg y  as low as 
185 MeV, The second i s  m u l t i p l e  i n t e r a c t i o n  r e s u l t i n g  i n  change of p a r ­
t i c l e  i d e n t i t y ;  fo r  exam ple, a proton can charge-exchange to  become a 
n eu tro n  o r  a n + to  become n—.
The common approach  a t  medium e n e r g i e s  i s  to  u se  the  Impulse
A pproxim ation  ( IA ) , which w as f i r s t  d i s c u s s e d  by Chew ^ and Chew and 
22Wick. T h is  approx im ation  s h o u ld  be v a l i d  f o r  the q u a s i - f r e e  s c a t t e r i n g  
(QFS) p o r t i o n  o f  the spec trum  s in ce  the  r a d i u s  of the  d e u te ro n  i s  l a r g e r  
th a n  e i t h e r  t h e  range of t h e  n u c le a r  f o r c e s  o r  the w ave leng th  of th e  i n ­
c id e n t  p r o to n  a t  the energy  o f  i n t e r e s t  h e r e  which i s  506 MeV. In  t h i s  
model the  d e u t e r o n  nucleus i s  assumed to  v i r t u a l l y  d i s s o c i a t e  i n t o  i t s  
n u c le a r  com ponents, the p r o t o n  and n eu tro n  and the i n c i d e n t  p ro to n  s c a t ­
t e r s  from t h i s  p ro to n ,  r e s u l t i n g  in  the  pp—>-dn+ v e r te x .
Two mechanisms a r e  b a s e d  on t h i s  app rox im ation  and they  a r e :
(a) The Ruderman model,® b a s e d  on one n u c le o n  exchange
and t h e  v e r te x  pp—>djr+ i s  the b a s i c  r e a c t i o n  mechanism.
T h is  model gives a good d e s c r ip t i o n  o f  the r e a c t i o n  
pd—>dir+n f o r  small momentum t r a n s f e r  t o  the n e u t r o n .
(b) The F e a r in g  model, 1 5 ,1 6  ija sed 0n t h e  Ruderman m odel,  where 
f i n a l - s t a t e  i n t e r a c t i o n s  a re  i n t r o d u c e d  to  modify t h e  l a t t e r  one. 
The F e a r in g  am plitude i s  thus based  on  the pp—>dit+ as  the
3b a s i c  r e a c t i o n  fo l lo w e d  by f i n a l - s t a t e  i n t e r a c t i o n s  be tw een  
th e  n e u t ro n  and d e u te r o n .
In  i t s  s im p le s t  form tb e  IA p r e d i c t s  t h a t  the  c ro s s  s e c t i o n  
sh o u ld  be the  p ro d u c t  o f  a k in e m a t ic a l  f a c t o r  w i th  the f r e e  pp—>dn+ 
c r o s s  s e c t i o n  t im es  th e  s i n g l e  n uc leon  p r o b a b i l i t y  d i s t r i b u t i o n  fu n c t io n  
i n  th e  d e u te ro n .  The r o l e  t h a t  th e  n e u t ro n  p l a y s  i n  the  ab sen ce  o f  f i ­
n a l - s t a t e  i n t e r a c t i o n  i s  t h a t  of a s p e c t a t o r  t o  th e  pp— i n t e r a c t i o n .  
R e s c a t t e r i n g  o f  th e  d e u te ro n  by th e  n e u t ro n  w i l l  be seen to  l e a d  to  s ig ­
n i f i c a n t  d e p a r tu r e  from th e  IA p r e d i c t i o n .
1 .2  EXPERIMENTAL MOTIVATION
The m o t iv a t io n  f o r  th e  p r e s e n t  d e t a i l e d  s tudy  o f  t h e  3-body
J x
p io n  p r o d u c t io n  i n  th e  r e a c t i o n  H(p,dn )n  i s  a check o f  th e  Impulse 
A pprox im ation  (IA) f o r  sm all  r e c o i l s .  Because th e  d e u te ro n  i s  an  i s o s -  
p i n  z e r o  p a r t i c l e ,  th e  (n n) f i n a l  s t a t e  i n  t h e  (3 ,3 )  re so n a n c e  i s  i s o s ­
p i n  f o r b id d e n .  T h is  a l low s  a s tu d y  o f  (pd) i n t e r a c t i o n s  w i th o u t  a p ion  
n u c le o n  resonance  background . The id ea  h e r e  i s  t h a t  we would have a 
case  where the  IA would work over a l a rg e  r e g i o n  of th e  f i n a l  s t a t e  
p h a s e - s p a c e  c h a r a c t e r i z e d  by th e  i n v a r i a n t  m asses  o f  the  t h r e e  p a r t i c l e  
p a i r s  i n  t h i s  s t a t e .  As th e  experim ent had  b e e n  d es igned  t o  co v e r  a 
l a r g e  r e g io n  in  th e  3 -d im e n s io n a l  space o f  t h e  above i n v a r i a n t  m asses ,  
we c o u ld  e x p lo re  t h i s  space f o r  a number o f  momenta of th e  r e c o i l i n g  ob­
j e c t  .
20I n  th e  k i n e m a t i c a l l y  com plete e x p e r im e n t  o f  J .  W. Lo e t  a l . ,  
p io n  p r o d u c t io n  from 800 MeV p ro to n s  on d e u te r iu m  was s tu d ie d  un d er  con­
d i t i o n s  where th e  n e u t ro n  i n  th e  d eu te ro n  t a r g e t  rem ains a s p e c t a t o r  in
4th e  r e a c t i o n .  I t  was o b se rv ed  t h a t  th e  r e a c t i o n  b a s i c a l l y  p ro c e e d s  
th rough  th e  Ruderman m odel, which a c c o u n ts  f o r  a l a r g e  f r a c t i o n  o f  th e  
t o t a l  p io n  p ro d u c t io n  i n  t h i s  k in e m a tic  r e g io n .  I t  was no ted  t h a t  th e  
Ruderman model p r e d i c t s  th e  magnitude o f  th e  observed  c r o s s  s e c t i o n  n e a r  
th e  r e g io n  where the  n e u t ro n  momentum e q u a l s  z e r o .  However, d e v i a t i o n
from IA h a s  been  observed  as  th e  c a l c u l a t i o n  based  on th e  above model
d rops t o  35% o f  the  o b se rv ed  s t r e n g t h  o f  th e  r e a c t i o n  as  the  minimum
n e u tro n  momentum in c r e a s e s  t o  100 MeV/c.
1 .3  RESULTS OBTAINED
A CDa t a r g e t  f o i l  was bombarded w ith  506 MeV p ro to n s  and d a ta  
f o r  the f i f t h  o rd e r  d i f f e r e n t i a l  c ro s s  s e c t i o n ,
d O '( © 4  , Mj4  ,p  j  ) 
ds 3  4  d t  £ 4  dua
2  i
o f  the  3-body f i n a l  s t a t e  p io n  p ro d u c t io n  r e a c t i o n ,  H (p ,dn  )n were ob­
t a i n e d .  The n e u t ro n  r e c o i l  momentum d i s t r i b u t i o n  i s  e x t r a c t e d  from the  
measured d i f f e r e n t i a l  c r o s s  s e c t i o n  d a t a .  The d a ta  i s  f u r t h e r  a n a ly z e d  
in  term s o f  f a m i l i e s  o f  c o n s ta n t  n e u t ro n  r e c o i l  momentum, co rre sp o n d in g  
t o  d i f f e r e n t  v a lu e s  of th e  t o t a l  energy  and momentum t r a n s f e r ,  s and t ,  
r e s p e c t i v e l y  a t  the  pp—>djt+ v e r t e x ,  and a l t e r n a t i v e l y  i n  terms o f  th e  
v a r io u s  r e l a t i v e  e n e rg ie s  among th e  t h r e e  f i n a l  s t a t e  p a r t i c l e s .
C h ap te r  I I  d e s c r ib e s  the  t h e o r e t i c a l  framework in  which th e  
p r e s e n t  r e a c t i o n  i s  s tu d ie d  w hile  in  C h ap te r  I I I  QFS and ESI a re  d i s ­
c u sse d .  C h ap te r  IV p r o v id e s  a d e s c r i p t i o n  o f  the  e x p e r im e n ta l  s e tu p  i n ­
c lu d in g  k in e m a t i c s  and e x p e r im e n ta l  a p p a r a tu s .  C hap ter  V c o n ta in s  th e
5method used i n  d a ta  r e d u c t i o n  and a n a l y s i s .  The r e s u l t s  a r e  p r e s e n te d  
and d is c u s s e d  i n  c h ap te r  V I .  There a re  f o u r  ap p en d ices .  I n  Appendix A, a 
d e r i v a t i o n  o f  e q u a t io n  ( 3 .6 )  i s  g iven .  Appendix B d e s c r ib e s  th e  param e- 
t r i z a t i o n  o f  th e  pp—M n+ c r o s s  s e c t i o n  and Appendix C d i s c u s s e s  the  
Monte Carlo  s im u la t io n  o f  th e  ex p er im en t .  Appendix D c o n t a i n s  t a b l e s  o f  
r e s u l t s  f o r  t h e  d i f f e r e n t i a l  c ro s s  s e c t i o n  and th e  n e u t ro n  r e c o i l  momen­
tum d i s t r i b u t i o n .
C hap te r  I I  
THEORY
2 .1  INTRODUCTION
I n  th e  i n t e r a c t i o n  of in t e r m e d ia te - e n e r g y  p ro to n s  w i th  l i g h t  
n u c l e i ,  d i r e c t  n u c l e a r  r e a c t i o n s  o f  th e  type  A (p,xy)B  a re  o f  p a r t i c u l a r  
i n t e r e s t  f o r  th e  i n v e s t i g a t i o n  o f  th e  p r o p e r t i e s  o f  n u c l e i .  I n  th e se  
r e a c t i o n s ,  th e  f a s t  p a r t i c l e  y and fragm ent B a r e  produced a s  a r e s u l t  
of t h e  d i r e c t  i n t e r a c t i o n  betw een th e  p ro to n  and a n u c le a r  component.
R ea c t io n s  o f  th e  type A (p,xy)B  can o f t e n  be c o n s id e r e d ,  a t  
l e a s t  i n  a f i r s t  ap p ro x im a tio n ,  as  p roceed ing  i n  two s te p s  f o r  some de­
f in e d  r e g io n  of th e  f i n a l  s t a t e  k in e m a t i c s .  The f i r s t  s te p  in v o lv e s  pro­
d u c t io n  o f  p a r t i c l e s  x ,  y ,  and B. The second s t e p  i s  an i n t e r a c t i o n  of 
some o f th e se  p a r t i c l e s  w i th  each o t h e r .  The im portance o f  th e  l a t e r  
s te p  depends on th e  r e l a t i v e  ene rgy  of the  p a r t i c l e s  in  a g iv e n  p a i r  
c o n s id e re d  and on th e  s t r e n g t h  o f  t h e i r  i n t e r a c t i o n .  The model th a t  
t i e s  th e  above two s t e p s  to g e th e r  i s  one in  w hich the  r e a c t i o n  f i r s t  
ta k e s  p la c e  as  i f  t h e r e  were no f i n a l  s t a t e  i n t e r a c t i o n s  and th e n  i s  
m o d if ie d  by the  i n t e r a c t i o n s  i n  th e  second s t e p  b e fo re  th e  p a r t i c l e s  can 
g e t  ou t  o f  the range o f  t h e i r  m utual f o r c e s .  F o llow ing  W a t s o n ' s ^  d i s ­
c u s s io n  o f  the  model, th e  two s t e p s  above a re  u s u a l l y  r e f e r r e d  t o  as  the  
'p r im a ry  mechanism' and ' f i n a l  s t a t e  i n t e r a c t i o n ' ,  r e s p e c t i v e l y .  The 
r e a c t i o n  above, i s  r e p r e s e n t e d  by th e  graph o f  f i g u r e  2 .1 .  T h is  f ig u re  
in c lu d e s  term s on ly  up t o  th e  f i r s t  o rd e r  i n  th e  Feynmann s e r i e s .
- 6 -
7Because employing t h i s  p ro ced u re  to  s e p a r a t e  th e  two e f f e c t s  h a s  proven  
t o  be u s e fu l  i n  t h e  a n a l y s i s  o f  th e  r e a c t i o n  o f  i n t e r e s t  h e r e ,  we d i s ­
cuss  th e  two s t e p s  s e p a r a t e ly  i n  th e  fo l lo w in g  s e c t i o n s .
To d e f in e  th e  n o t a t i o n  used  i n  th e  t e x t ,  we w r i t e  th e  conserva­
t i o n  o f  4-momentum f o r  t h i s  r e a c t i o n  a s ,
* * * * *  . .  „ .
P i + Pa = P 3 + P4 + P j ,  (2 .1 )
where th e  p * 's  a r e  4-momenta. The co rrespondence  in  th e  i d e n t i t y  of 
v a r i a b l e s  and p a r t i c l e s  i s  2 ( 1 ,3 4 ) 5 ,  where 1 i s  th e  p r o j e c t i l e ,  2 i s  th e  
t a r g e t  n u c le u s ,  and 3 , 4 , and 5 a re  th e  t h r e e  f i n a l  s t a t e  p a r t i c l e s .
2 .2  THE PRIMARY MECHANISM
The f i r s t  te rm  in  f i g u r e  2 .1  r e p r e s e n t s  th e  p rim ary  mechanism 
in v o lv in g  two v e r t i c e s .  These v e r t i c e s  a re  d i s t i n g u i s h a b l e  on ly  under 
th e  assum ption  t h a t  p a r t i c l e  1 i n t e r a c t s  w i th  o n ly  one n uc leon  in s id e  
th e  n u c le u s ,  2 ,  w h i le  th e  rem ain ing  p o r t i o n  o f  th e  n u c leu s  (h e re  th e  
n e u t ro n )  p la y s  th e  r o l e  of a s p e c t a t o r  and t h a t  no o th e r  i n t e r a c t i o n  
t a k e s  p la c e .  T h is  assum ption ,  due to  S e r b e r , ^  £s a consequence of two 
w e l l  e s t a b l i s h e d  f a c t s :  1) t h a t  th e  b in d in g  energy  of the  nuc leo n s  i s  
much sm a l le r  th a n  th e  k i n e t i c  ene rgy  o f  the  in c id e n t  p a r t i c l e  and 2) 
t h a t  th e  average spac ing  o f  n u c leo n s  i n  th e  n u c le u s ,  1 .9  fm, and th e  r a ­
d iu s  o f  the  n u c le o n ,  a p p ro x im a te ly  1 fm, are  much g r e a t e r  th an  th e  wav­
e le n g th  of th e  i n c i d e n t  p a r t i c l e .  For example, a p ro to n  of 500 MeV s a t ­
i s f i e s  th e  above assum ption  i f  used as  a p r o j e c t i l e ,  s in c e  i t  h as  a 
co rresp o n d in g  de B ro g l ie  w ave leng th  of 0 .1 8  fm, which i s  much sm a l le r  






F ig u re  2 .1 :  Graphs r e p r e s e n t in g  th e  r e a c t i o n  up to  t h e  f i r s t  o rd e r  te rm
i n  the  Feynmann s e r i e s
9I n  t h i s  r e g a rd ,  t h e  passage o f  a nuc leon  of e n e rg y  range betw een 0 .1  and
1 .0  GeV i n t e r a c t i n g  w ith  a n u c le u s  can c ru d e ly  be viewed as a sequence 
o f  independent n u c le o n -n u c le o n  c o l l i s i o n s .  T h is  approach  i s  c a l l e d  im­
p u ls e  ap p ro x im a tio n  ( IA ) .
In  th e  framework o f  th e  IA, the  p r im a ry  mechanism re d u c e s  to  
two v i r t u a l  p r o c e s s e s .  They a re
1) th e  v i r t u a l  decay: 2 —>■ 5 + 6 (2 .2 )
2) the  q u a s i - f r e e  s c a t t e r i n g :  1 + 6 —>■ 3 + 4  (2 .3 )
where 6 i s  th e  exchanged p a r t i c l e .  I f  th e  t a r g e t  i s  u n p o la r iz e d  and th e  
exchanged p a r t i c l e  has  sp in  1 / 2 ,  th e  m a tr ix  e lem en t  d e s c r ib in g  th e  above 
p ro c e s s e s  h a s  two rem arkable  c h a r a c t e r i s t i c s :  1) i t  f a c t o r i z e s  i n t o  two
am plitudes  c o r re sp o n d in g  to  t h e  n u c l e a r  p a r t  and th e  two-body s c a t t e r i n g  
p a r t ,  as i n  e q u a t io n s  (2 .2 )  and ( 2 . 3 ) ,  r e s p e c t i v e l y ,  and a p r o p a g a to r ,  
and 2) i t  depends on ly  on t h r e e  v a r i a b l e s  i n s t e a d  o f  f iv e  in  th e  g e n e ra l  
c a s e .
25F o llo w in g  Feynmann r u l e s  , we w r i t e  th e  m a t r ix  e lem ent i n  the
form ,
Mj,(2—>-5+6)M2(l+6—>-3+4)
M = ---------- — ------- ;----------------  (2 .4 )
p 6 -  m4 + i s
w here the d en o m in a to r  i s  th e  p ro p a g a to r  c o r re s p o n d in g  to  the  i n t e r n a l  
l i n e  fo r  p a r t i c l e  6 ,  and Mx and M2 a re  th e  a m p l i tu d e s  a t  th e  v e r t i c e s  
d e sc r ib e d  by th e  two p ro c e s s e s  i n  eq u a t io n s  ( 2 .2 )  and ( 2 .3 ) ,  r e s p e c t i v e ­
l y .  The d e t a i l e d  form of e q u a t io n  (2 .4 )  f o r  a r b i t r a r y  s p in  h a s  been
2 g  2 7worked out by s e v e r a l  a u th o r s .
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A g o a l  of i n v e s t i g a t i o n  of a n u c l e a r  r e a c t i o n  i s  the  
e s ta b l i s h m e n t  o f  th e  dependence of th e  a m p l i tu d e s  on t h e  k in em atic  v a r i ­
a b le s ,  i . e .  th e  momenta and  en e rg ie s  o f  th e  i n i t i a l  and  f i n a l  s t a t e  
p a r t i c l e s .  The number o f  independen t k in e m a t ic  v a r i a b l e s  i s  d e te rm in e d  
by the  number o f  p a r t i c l e s  invo lved  i n  t h e  r e a c t i o n ,  t h e  c o n s e rv a t io n  
law s, th e  r e l a t i o n  betw een energy  and momentum f o r  a f r e e  p a r t i c l e ,  and 
th e  r e q u ire m e n t  o f  the  in v a r i a n c e  of th e  a m p li tu d e s  w i t h  r e s p e c t  t o  r o ­
t a t i o n  and th e  L oren tz  t r a n s f o r m a t io n .  (See the  f o l lo w in g  two c h a p t e r s  
f o r  f u r t h e r  d i s c u s s io n  on t h e  meaning o f  th e  above c o n d i t i o n s . )
The t o t a l  number o f  independent and i n v a r i a n t  v a r i a b l e s  f o r  3 
p a r t i c l e s  i n  t h e  f i n a l  s t a t e ,  i f  p a r t i c l e  5 i s  assummed t o  be in  a d e f i ­
n i t e  s t a t e ,  i s  f i v e .  As t h e  choice  of t h e s e  i n v a r i a n t  v a r i a b l e s  i s  a r b i ­
t r a r y ,  one i s  gu ided  by t h e  model in  c o n s i d e r a t i o n .  The v a r i a b l e s  o f  
i n t e r e s t  h e r e  a r e .
S X 3 =  < p j + Pa) (2 .5 a )
S S 4 -  ( p i + P4) (2 .5 b )
S o -  ( p j + p * > (2 .5 c )
t l 4 =  ( p i -
* .  a 
P 4 > ( 2 . 5d)
Has = ( p i —
* a
P j) (2 .5 e )
We no te  h e re  t h a t  e q u a t io n s  (2 .5 a )  and ( 2 .5 d )  d e f in e  t h e  two ind ep en d en t 
v a r i a b l e s  f o r  two p a r t i c l e s  i n  the f i n a l  s t a t e .  We f i r s t  d isc u ss  t h e  
two v e r t i c e s  i n  f ig u r e  2 .1  s e p a r a t e ly  by t r e a t i n g  e q u a t io n  (2 .3) and
(2 .4 )  as  r e a l  p ro c e s s e s  and  f i n a l l y  i n c o r p o r a t i n g  th e  two in  the  one 
p i c t u r e  of t h a t  f i g u r e .
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I f  one c o n s id e r s ,  under  the  assum ption  d i s c u s s e d  p r e v io u s ly ,  
t h a t  the  decay  2—>-5 + 6 i s  r e a l ,  as shown i n  f ig u r e  2 . 2 ,  th en  th e  k in e ­
m a t ic  v a r i a b l e s  a re  f ix e d  by th e  c o n s e rv a t io n  laws and energy  momentum 
r e l a t i o n s  de te rm in ed  by the  p a r t i c l e  m a sses .  The momenta and energy  of 
p a r t i c l e s  5 and 6 in  t h e i r  c e n te r -o f -m a s s  frame a re  d e te rm in ed  by the  
e q u a t io n s ,
cm cm
P* “  P« = k (2 .6 )
and
cm cm cm
Ej = E ,  + E6 (2 .7 )
w here
cm 2  -
Ej = (m5 + k )
cm a a (2 .7 a )
Ec = (m6 + k )
I f ,  on the  o th e r  hand, th e  decay i s  v i r t u a l ,  th e n  p a r t i c l e s  5
and 6 are  o f f - s h e l l ,  r e q u i r i n g  t h a t  e q u a t io n  (2 .7a )  be e v a lu a te d  a t  the
o f f - s h e l l  m a sses .  Thus, in  t h i s  case we have  two indep en d en t v a r i a b l e s
w i t h  v a lu e s  n o t  f ix e d  by c o n s e rv a t io n  law s: th e  energy  o f  one of the  
cm cm jj
p a r t i c l e s  (E5 o r  Ec ) and k , th e  momentum squared  i n  th e  cen te r-m ass  
s y s te m . The i n v a r i a n t  am plitude  d e s c r ib in g  th e  v i r t u a l  decay i s  th e n  a 
f u n c t i o n  o f  th e s e  two v a r i a b l e s .  In  f ig u r e  2 . 1 ,  however, on ly  p a r t i c l e  
6 i s  o f f - s h e l l  w hereas p a r t i c l e  5 must have i t s  p h y s ic a l  mass s in ce  i t  
i s  observed  . E q u a t io n  (2 .7 a )  i s  ev a lu a te d  a c c o r d in g ly ,  and h ence ,  the  
c o r re s p o n d in g  i n v a r i a n t  a m p li tu d e ,  M4 depends on ly  on one v a r i a b l e ,  u a 5 , 
g iv e n  in  e q u a t io n  ( 2 .5 e ) .
12
a
F ig u re  2 .2 :  Diagram o f  th e  decay 2 —> 5 + 6
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S i m i l a r i t y ,  i f  one c o n s id e r s  th e  p r o c e s s  1 + 6—>3 + 4 to  be a
f r e e - s c a t t e r i n g  p ro c e s s  a s  shown in  f i g u r e  2 . 3 ,  i n  w hich th e  two i n i t i a l
p a r t i c l e s  a r e  r e a l ,  th e  i n v a r i a n t  a m p l i tu d e ,  Ma , i s  a f u n c t i o n  o f  two
independen t v a r i a b l e s ,  s i a  and t 14 , a s  n o te d  p r e v i o u s l y .
However, i f  p a r t i c l e  6 i s  v i r t u a l ,  as  i n  f i g u r e  2 . 1 ,  th e  s c a t t e r i n g  am-
$2 2p l i tu d e  w i l l  depend on one more v a r i a b l e ,  p* i^m*. I n  t h i s  c a se ,  th e  
c o n s e rv a t io n  of four-momentum g iv e s ,
*  *  *P« 53 Pa -  P*. (2 .8 )
and in  c o n t r a s t  to  th e  s c a t t e r i n g  o f  r e a l  p a r t i c l e s ,  we have 
x
e« = m6 — Oj j  (2 .9 )
where e6 i s  th e  d e v i a t i o n  o f  th e  mass o f  p a r t i c l e  6 from th e  mass s u r ­
fa c e  or mass s h e l l .  E v a lu a t in g  e q u a t io n  (2 .9 )  i n  th e  l a b o r a t o r y  g iv e s
a a 3*
e6 = m# -  (ma + m5 -  2m3E5) (2 .9 b )
and in  th e  l i m i t  p s=0, e q u a t io n  (2 .9b )  re d u c e s  t o ,
e* = e .  (2.10)
where e(>0) i s  th e  b in d in g  en e rg y  of p a r t i c l e  5 o r  € i n  th e  n u c leu s  2 
and i s  o b ta in e d  from
ma = m5 + m6 -  e .  (2 .11 )
E qua tion  (2 .1 0 )  f i x e s  th e  minimum o f f - s h e l l n e s s  o f  p a r t i c l e  6 .  
T h e re fo re ,  when one o f  th e  p a r t i c l e s  i s  o f f - s h e l l  th e  i n v a r i a n t  q u a s i -  
f r e e  s c a t t e r i n g  a m p li tu d e ,  Ma , depends on th e  th r e e  v a r i a b l e s  s 34, t 14 
and U2 % ,
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F ig u re  2 .3 :  Diagram of th e  f r e e - s c a t t e r i n g  1 + 6 3 + 4
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The second c h a r a c t e r i s t i c  o f  th e  f i r s t  g rap h  in  f ig u re  2 . 1  i s ,  
t h e r e f o r e ,  t h a t  i t  depends on ly  on t h e  t h r e e  v a r i a b l e s  above i n s t e a d  of 
the  f i v e  (see  e q u a t io n  2 .5 )  in  th e  g e n e r a l  c a s e .  R ew ri t in g  e q u a t io n
( 2 .5 ) ,  we have
M — (2 .1 2 )
where
Ma (2—>5+6)
 ----------------- = Mn (u a J ) (2 .1 3 )
P« “  m« + ie
and
Ma ( l+ 6 —>-3+4) = Mp(s 3 4  , t i 4  , u a *) (2 .1 4 )
E q u a t io n  (2 .13 )  i s  r e l a t e d  to  the  momentum d i s t r i b u t i o n  of the  n u c leo n  
in  th e  d e u te ro n  t a r g e t  b e f o r e  c o l l i s i o n  o ccu rs ,  w h ereas  e q u a t io n  (2 .14 )  
i s  connected  t o  th e  1 + 6 —>-3 + 4  d i f f e r e n t i a l  c ro s s  s e c t i o n .  The con­
n e c t io n  of th e  above two a m p li tu d e s ,  Mn and M^, t o  t h e s e  q u a n t i t i e s  i s  
shown in  c h a p te r  I I I .
2 .3  FINAL STATE INTERACTION
Two f i r s t  o rd e r  FS I graphs a r e  shown i n  f i g u r e  2 .1 .  I n  th e s e  
two r e - s c a t t e r i n g  d iag ram s, th e  FSI i s  r e g u la te d  by th e  i n v a r i a n t  energy  
o f  th e  r e s p e c t i v e  p a i r  as  w e l l  as by a momentum t r a n s f e r .
To f u l l y  c h a r a c t e r i z e  the  FSI p ro c e s s  i n  th e  4 5 (n+n) p a i r ,  f i g ­
ure  2 .1 b ,  r e q u i r e s  s p e c i f i c a t i o n  of th e  i s o s p in .  The i s o to p i c  s p in  p a r t  
o f  the  t o t a l  wave f u n c t io n  f o r  t h i s  p io n -n e u t ro n  sy s tem  s p e c i f i e d  by 
|T ,T 3 > i s e x p re s se d  a s .
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i  j .
| n +,n> = ( 1 / 3 ) * | 3 / 2 , l / 2 >  + ( 2 /3 ) * | l / 2 , l / 2 >  (2 .1 5 )
where T i s  th e  t o t a l  i s o t o p i c  sp in  and T ,  i s  the  i s o t o p i c  s p in  component 
i n  t h e  3 - d i r e c t i o n  r e l a t e d  t o  th e  p h y s ic a l  charge ,  Q by
Q = Ts + B /2 .  (2 .16 )
B i s  t h e  baryon  number and h a s  a value o f  1 fo r  a p io n -n n c le o n  system . 
S in c e ,  th e  d e n te r o n  in  i t s  g round s t a t e  h a s  a t o t a l  i s o t o p i c  s p in  T=0, 
th e  («+n) su b -sy s te m  of th e  f i n a l  s t a t e  i n  th e  r e a c t i o n  under c o n s id e ra ­
t i o n  h a s  to  be i n  th e  T = l/2  s t a t e  to  c o n se rv e  i s o s p i n .  The p r o b a b i l i t y  
o f  r e - s c a t t e r i n g  i n  the (n+n) channel i s  th u s  d e te rm in ed  by th e  T = l/2  
t o t a l  c ro s s  s e c t i o n ,  <r(l/2) . F igure 2.4^®  shows th e  pu re  i s o t o p i c  t o t a l  
c r o s s  s e c t io n s  v e r s u s  the  p i o n  k in e t i c  e n e rg y  and b a ry o n  m ass. I n  th e  
c u rv e s  shown i n  th e  above f i g u r e ,  sharp  p e a k s  d i s t i n c t i v e  o f  re so n an ces  
formed in  th e  itn system a r e  observed . T hese  peaks a r e  l a b e l l e d  w i th  th e  
c e n te r -o f -m a s s  en e rg y  which i s  equal t o  t h e  mass o f  th e  re so n a n c e .
The f i r s t  of the  T = l /2  re so n an ces  occurs  a t  a baryon  mass o f  
1 .47  GeV and co rre sp o n d s  t o  .390  GeV p io n  on a n uc leon  a t  r e s t .  The r e ­
g io n  i n  M45, th e  in v a r i a n t  m ass of the  p io n - n e u t r o n  system  covered f o r  
th e  beam k i n e t i c  ene rgy ,  ^ = . 5  GeV, of t h e  p r e s e n t  experim en t i s  betw een
1 .1  and 1.21 GeV. The co r re sp o n d in g  r e l a t i v e  ( c e n te r -o f -m a s s )  k i n e t i c  
e n e r g i e s  a re  .021  and ,131 GeV, r e s p e c t i v e l y ,  which a re  f a r  below th e  
.390 GeV a t  th e  f i r s t  r e s o n a n c e .  T h e re fo re  th e  c o n t r i b u t i o n  from <r(l/2) 
in  t h i s  r e g io n  i s  ve ry  s m a l l ,  only about 3 mb compared t o  a p io n -p ro to n  
(p u re  T=3/2) t o t a l  c ro s s  s e c t i o n  of abou t 200 mb, as  seen  i n  f ig u r e  2 . 4 .
R e s c a t t e r i n g  e f f e c t s  i n  the 3 5 (d n )  p a i r ,  f i g u r e  2 .1 c ,  however, 
need  n o t  be n e g l i g i b l e  as  v a l u e s  of M3J a s  small as 2 .8 5  GeV c o rre sp o n d ­
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ing  to  a r e l a t i v e  k i n e t i c  ene rgy  o f  .032 Gev a re  re a c h e d .  A c a l c u l a t i o n  
o f  the  nd r e s c a t t e r i n g  c o n t r i b u t i o n  has b e e n  made and i s  p re s e n te d  in  
c h a p te r  V I. where i t  w i l l  be s e e n  t h a t  such e f f e c t s  p la y  an im p o rtan t  
r o l e  i n  th e  k in e m a t i c a l  domain o f  th e  p r e s e n t  e x p e r im e n t .  The 34(dfl+) 
FSI i s  presum ably  in c lu d e d  in  t h e  1+6—>-3+4 v e r t e x ,  a l th o u g h  the  p re se n c e  
o f  the s p e c t a t o r  may change t h a t  i f  h ig h e r  o r d e r  g raphs a re  c o n s id e re d .
18
lleo 15?© -aooo j £do
V) go
o -S  l*o •** ^ . o  * 5
?TJ>N ^ ( J e v )
F ig u re  2 . 4 :  The t o t a l  c ro s s  s e c t i o n  f o r  T = l/2  and T=3/2 i s o t o p i c  s p in
s t a t e s  o f  th e  p io n  n u c leo n  i n t e r a c t i o n
C hap te r  I I I  
QUASI-FREE SCATTERING AND NUCLEAR STRUCTURE
Q u a s i - f r e e  s c a t t e r i n g  d a t a  a re  u s u a l ly  p r e s e n te d  i n  te rm s  of: 
d 3 er(p3  ,G3  , 0 3  , 0 4  , 0 4 )
(3 .1)
dp 3 dOt di ) 4
where d!l3  and d0 4  r e f e r  to  th e  la b  s o l i d  an g les  o f  p a r t i c l e s  3 and 4, 
r e s p e c t i v e l y ,  and p 3  i s  th e  momentum magnitude o f  p a r t i c l e  3 .  P a r t i c l e  
5 i s  assumed t o  be i n  a d e f i n i t e  f i n a l  s t a t e  and hence the need  t o  meas­
u re  on ly  f i v e  k in e m a tic  v a r i a b l e s ,  a s  d isc u sse d  i n  Chapter IV. S in ce  the 
d i f f i c u l t y  i n  p o p u la t in g  a f i v e  d im ensional space  w i th  m e an in g fu l  data 
i s  ta n ta m o u n t ,  some r e d u c t io n  i n  d im e n s io n a l i ty  i s  e s s e n t i a l .  T h i s  prob­
lem i s  c ircum ven ted  by comparing th e  da ta  w i th  t h e  r e s u l t s  o f  the 
Impulse A pproxim ation  (IA) . I n  th e  framework o f  t h i s  ap p ro x im a tio n  the 
q u a s i - f r e e  d i f f e r e n t i a l  c ro s s  s e c t i o n  i s  s im ply, (D u c k ^  and Carlson^®)
cm
.a  P l  &a . cmK W tp s)  I cm s 3 4  ^16—>-34 (3 .2)
d p 3 dfi3 d 0 4  p 4  dfl4
where d<r/d{ ) 4  i s  p r o p o r t i o n a l  to  th e  square of t h e  o f f - s h e l l  am p li tu d e  
fo r  1 + 6—$-3 + 4 .  H ere ,  we w i l l  r e p la c e  i t  w ith  t h e  f ree  c r o s s  s e c t io n  
e v a lu a te d  a t  th e  a p p r o p r ia t e  en e rg y  and angle i n  t h e  c e n te r -o f -m a s s  of 
th e  two i n t e r a c t i n g  p r o to n s .  T h is  i s  done because  o f  the la c k  o f  a meth­
od to  e v a l u a te  the  o f f - s h e l l  a m p li tu d e  in  pp—>dn+ . IM p j) !*  r e p r e s e n t s
- 19 -
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the d i s t r i b u t i o n  of th e  p ro to n  momentum in s id e  th e  d eu te ro n  i n  th e  exac t 
v a l i d i t y  o f  ( IA ) . I t  i s  i n t e r p r e t e d  a s  th e  p r o b a b i l i t y  t h a t  th e  two nu­
c leons  have  momentum p ,  = -  p« b a c k - to -b a c k .  K i s  a k in e m a tic  o r  phase 
space f a c t o r  which a l s o  in c lu d e s  th e  n e c e s s a ry  c o o rd in a te  t r a n s fo rm a t io n  
and i s  g iv e n  as:
a s
4Esp Jp 4
K = ------------------------------------------------  (3 .3 )
3maP iE , IP 4 E4  s — E 4 P 4 5 C0 s ( a ) |
Comparison o f  e q u a t io n  (3 .1 )  w ith  ( 3 .2 )  g iv es  l<J>(pj)|2 . The 
problem red u ce s  to  one o f  an a ly z in g  th e  f u n c t io n  l$ ( p 5 ) | 2  o f  a t  most 
th re e  in d e p en d en t p a r a m e te r s ,  p 5, and the  two s p h e r i c a l  a n g le s  0 } and 
. A lthough  the above i s  th e  commonly used p ro c e d u re  to  h an d le  q u a s i -  
f re e  d a t a ,  i t  has in c o v e n ie n c e s . The p r im ary  one i s  the  co m p lica ted  r e ­
l a t i o n s h i p  between p t and th e  l a b o r a to r y  v a r i a b l e s ,  which makes the  in ­
t e r p r e t a t i o n  of the  b e h a v io u r  o f  th e  c ro s s  s e c t i o n  in  terms o f  s p e c i f i c  
p h y s ic a l  p ro c e s s e s  d i f f i c u l t .  That i s ,  th e  s t ro n g  dependence o f  the 
t r a n s m is s io n  on p 5  and 6 ,  makes i t  d i f f i c u l t  t o  de term ine  th e  t ra n s m is ­
s io n  as a fu n c t io n  o f  t h e s e  v a r i a b l e s .  F u r th e rm o re ,  the  n e u t ro n  angu la r  
d i s t r i b u t i o n  in  the  la b  frame i s  ex pec ted  to  be i s o t r o p i c  w i t h i n  the IA 
and adds t o  the  u n d e s i r a b i l i t y  o f  t h i s  c h o ic e .  What i s  u s u a l l y  done to  
circum vent th e se  d i f f i c u l t i e s  i s  to  s im u la te  th e  e v en ts  w i th in  th e  geom­
e t ry  o f  t h e  d e t e c to r s  by  th e  Monte C arlo  method t o  o b ta in  th e  experimen­
t a l  av e rag e  o f  Ap3 AQ3 A& 4  and compare th e  r e s u l t  w i th  e q u a t io n  ( 3 . 2 ) to  
e x t r a c t  th e  I (p j ) I * . However, such a method h a s  i t s  own p rob lem s; in  
p a r t i c u l a r  i t  i s  no t  e a s y  to  check th e  c o r r e c t n e s s  of a Monte C arlo  c a l ­
c u l a t i o n .
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An a l t e r n a t e  form alism  has r e c e n t l y  been  p roposed  by 
01
A .W .S te tz  in  w hich  the v a r i a b l e s  used a re  th o s e  w i th  d i r e c t  p h y s ic a l
i n t e r e s t ,  namely th e  r e l a t i v i s t i c  in v a r i a n t  q u a n t i t i e s ,  s 34; t h e  t o t a l  
c e n te r -o f -m a s s  e n e rg y  of p a r t i c l e  3 and 4 from e q u a t io n  ( 2 .5 b ) ,  t a 4 ; th e  
momentum t r a n s f e r  squared  of p a r t i c l e s  1 and 4 from e q u a t io n  ( 2 .5 d ) ,  
u 2 J ; from e q u a t io n  ( 2 .5 e ) ,  and two az im utha l a n g l e s .  The ch o ice  of t h i s  
p ro c e d u re  avo ids  t h e  d i f f i c u l t i e s  d is c u s se d  above , as  shou ld  become ap­
p a r e n t  below. The in v a r i a n t  d i f f e r e n t i a l  c ro s s  s e c t i o n  e x p re s s e d  in  
te rm s  o f  the  momenta i l l u s t r a t e d  i n  f ig u r e  2 . 1  h a s  th e  form
and v 1 2  i s  the  v e l o c i t y  of th e  p r o j e c t i l e ,  p a r t i c l e  1  r e l a t i v e  t o  the 
t a r g e t ,  p a r t i c l e  2 .  The denom inato r  in  e q u a t io n  (3 .4 )  i s  i n v a r i a n t  and 
i f  e v a lu a te d  i n  t h e  la b ,  i t  can  be s im p l i f ie d  t o
T h is  in v a r i a n t  r e s u l t  i s  d e r iv e d  i n  Appendix A. Mow, i f  we e v a lu a te  
e q u a t io n  (3 .4) i n  t h e  c e n te r -o f -m a s s  of the  2 -body  p a r t ,  1+6—J-3+4, of 
th e  r e a c t i o n  as  shown in  f i g u r e  2 . 1 , which i s  i n  a system where
( 2 jt) * IM | “
(3 .4 )
v 2  2 2E 2 2E 2
w here Jm| 3  i s  i n v a r i a n t  and g iv e n  by e q u a t io n  ( 2 .1 2 ) .  The i n v a r i a n t  
p h ase  space volume element d 3p i s  g iven  by
(3 .5 )
V iaEjEj = m2 p 2 (3 .6 )
Ps
* (3 .7 )
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cm cm cm cm
l i e s  along th e  time a x i s ,  ( (Ex + E6 ) , p ± + p 6 = 0 )  (see  f ig u re
3 .1 )  the  phase  space e lem ent becomes
3 d p 4 dp4 dp , 4 + 0 t
d p -  cm cm cm ® (Pi P 4  “  *^3 4 ) (3 .8 )
2E4 2E4 2 E 3
The l a s t  t h r e e  f a c t o r s  c o n s t i t u t e  o rd in a ry  2-body phase space w ith  t o t a l  
four-momentum p j 4  i n  the  form
dP 4  dp 3  4 ^ # d t 1 4 d?
d*l = cm cm ® + P 4 — P 1 4 ) = cm (3 .9 )
2E4  2Es 8 p A Mj 4
cm
Where § and p 4  a re  the  az im u tha l c o o rd in a te  of th e  s c a t t e r i n g  p lane 
(see  f ig u re  3 .1 )  and th e  magnitude of th e  c o l l i s i o n  c e n te r -o f -m a s s  
3-momentum of th e  i n c id e n t  p a r t i c l e ,  r e s p e c t i v e l y .  The d e r i v a t i o n  o f  
e q u a t io n  (3 .9 )  i s  g iven  i n  r e f .  32.
The L o re n tz  t r a n s f o r m a t io n  from th e  l a b o ra to r y  to  t h i s  c e n t e r -  
o f-m ass  frame i s  de f in ed  by  th e  r e l a t i v e  v e l o c i t y  o f  the  two systems
P 3 +  P 4
p = ------------  (3 .10)
E, + E 4
I t  i s  e v id en t  t h a t  p i s  n o t  in  g en e ra l  p a r a l l e l  to  the  beam a x i s ,  and 
fu r th e rm o re ,  i t s  magnitude and d i r e c t i o n  depend on th e  f i n a l  s t a t e  mo­
m en ta . This i s  th e  source  o f  the  k in e m a tic  com plexity  of QFS. I t  im­
p l i e s  th a t  changing  any one la b o ra to ry  v a r i a b l e  changes a l l  o f  the  cen­
t e r  o f  mass momenta shown i n  f ig u r e  3 . 1 .  This  d i f f i c u l t y  can be p a r t l y  
c ircum vented  by u s in g  th e  L o ren tz  i n v a r i a n t  v a r i a b l e s  t 1 4  and s 3 4  to  de­
s c r ib e  the 2-body  s c a t t e r i n g  as in  e q u a t io n  ( 3 .9 ) .  (The r o l e  o f  i; in
e q u a t io n  (3 .9 )  i s  d e s c r ib e d  f u r t h e r  in  Appendix (C ) .)
F ig u re  3 .1 :  The d e f i n i t i o n  o f  4 i n ih® c e n te r -o f -m a s s  system
24
The rem ain ing  f a c t o r  i n  e q u a t io n  ( 3 .5 )  i s  s e p a r a t e ly  Lorentz  
i n v a r i a n t ,  and i t  i s  more co n v en ien t  to  e v a l u a te  i t  i n  the  l a b o r a to r y .  
We may w r i t e  i t  by in t ro d u c in g  th e  p o l a r  c o o rd in a te  system as
d p ,  P jd p 5
2E 5  2E;
d (c o s9 5)dX (3 .11)
where 6 ,  i s  th e  p o l a r ,  and X i s  th e  az im u th a l  ang le  o f  p a r t i c l e  5 .  With 
the  d e f i n i t i o n  o f  X as  g iv e n  i n  Appendix (C ) , th e  rem ain ing  v a r i a b l e s  in  
e q u a t io n  (3 .11) can  be e x p re s s e d  i n  a L o ren tz  i n v a r i a n t  form in  term s of 
s i 4  and u aJ as  :
2
d p j  p s d (P s ,c o sG ,)
-d s 3 4 dua ,dX (3 .12)
2E , 2E 5  j i i j j )
where th e  J a c o b ia n
Ps 0 ( p 4 , c o s e , )  1
  -------------------  =   (3 .13)
2 E 5  3 ( S 3  4  , Ua 5 ) 8 m2 P 3 4
must be s e p a r a t e l y  L o ren tz  i n v a r i a n t  s ince  i t  con n ec ts  two L o ren tz  in ­
v a r i a n t  volume e le m e n ts .  F i n a l l y  i n s e r t i n g  e q u a t io n  (3 .13) in  (3 .12) 
and combining t h i s  r e s u l t  w i th  (3 .9 )  i n  (3 .8 )  y i e l d s
d*p = ----------------- —-------- (3 .14 )
64maMj4p1 P , 4
Using e q u a t io n  (3 .6 )  and (3 .14) i n  ( 3 . 4 ) ,  one h a s
d s 3 4 d t 1 4 du 3 fd^dX
d o  Jt |Mn (ua j )Mp ( S3  4  , t x 4  ) I
2 cm
64 P l ^ l P l  M3 4 P 3 4
(3.15)
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The am plitude Im^(s 3 4 f , u35) |  r e p r e s e n t s  th e  s c a t t e r i n g  v e r t e x
1+6—>3+4 as d is c u s s e d  i n  Chapter I I ,  in  term s o f  two i n v a r i a n t s ,  s a4 ;
th e  t o t a l  energy  and t 14 ; the  momentum t r a n s f e r  s q u a re d .  N e g le c t in g  f o r
th e  moment a l l  o f f - s h e l l  e f f e c t s  ( d is c u s s e d  in  s e c t i o n  5 . 6 . 1 ) ,  we can
r e l a t e  th e  f u n c t io n  M ^(sJ 4 , t 1 4 , u a5) to  a c ro s s  s e c t i o n  f o r  th e  s c a t t e r -
cm cm
ing  p ro c e s s  o f  f r e e  p a r t i c l e s  w i th  i n i t i a l  momenta p 2  , p 4  t o  th e  mo- 
cm cm
menta P 3  , p 4  . One can  s t a r t  from th e  analog  o f  eq u a t io n  ( 3 .4 )  fo r  
t h i s  case and e a s i l y  show th e  c ro s s  s e c t i o n  f o r  th e  two body p ro c e s s  to  
be
2 cm
dor cm 7 1 P 4  a
'1 6 —>34 — cm '^p^s 34 »bj.4 »u a *) I • (3 .16 )
d0 4  4 s 3 4  pa
S u b s t i t u t i n g  t h i s  i n  e q u a t io n  (3 .15) g iv e s
d *® M 3 4  a d<r cm
d s 1 4 d t 14duajdgdX 16piPJ4p 4 ma dfi4
The v a r i a b l e s  i n  e q u a t io n  (3 .17 )  f a l l  i n t o  3 d i f f e r e n t  ca teg o ­
r i e s .  1 ) u 2f c o n t r o l s  th e  n u c le a r  p a r t  o f  th e  i n t e r a c t i o n ;  2 ) t 1 4  and
s a 4  d e te rm ine  th e  p io n  p ro d u c t io n  p a r t  o f  th e  i n t e r a c t i o n ;  3) X and 
which can be i n t e g r a t e d  out i f  th e  d a ta  show no dependence on th e s e  
v a r i a b l e s ;  th u s  re d u c in g  e q u a t io n  (3 .17 )  t o  a 3 - f o l d  d i f f e r e n t i a l .  The 
in h e re n t  f e a t u r e s  i n  (3) a re  th e  c ro s s  s e c t i o n ' s  independence o f  (a) X, 
b ecause  of th e  assum ption  t h a t  th e  t a r g e t  i s  u n p o la r iz e d  and (b) £, be­
cause o f  th e  IA assum ption .
At t h i s  p o in t  i t  can be s a id  t h a t  th e  S t e t z  p rocedu re  i s  su­
p e r i o r  to  th e  t r a d i t i o n a l  one as  i t  avo ids  the  use  of any J a c o b ia n .  A
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c o n s id e ra b le  amount o f  time h a s  been  sp en t d u r in g  th e  a n a l y s i s  o f  the 
d a t a  (C hap ter  V ) , d e m o n s t ra t in g  t h a t  th e  c r o s s  s e c t i o n  g iv e n  i n  e q u a t io n  
(3 .17 )  i s  more i n t e r e s t i n g  th a n  th e  one g iv e n  i n  e q u a t io n  (3 .2 )  i n  ex­
p e r im e n ts  v he re  5 v a r i a b l e s  d e f in e  th e  k in e m a t ic s  e n t i r e l y ;  o u rs  i s  of 
t h i s  k in d  because  th e  a v a i l a b l e  energy  i s  to o  sm all  t o  a l low  f o r  th e  ex­
c i t a t i o n  o f  th e  n e u t ro n ,  as  d is c u s s e d  in  s e c t i o n  4 . 2 .
3 .1  THE RECOIL DISTRIBUTION PROBABILITY
The r e c o i l  d i s t r i b u t i o n  p r o b a b i l i t y  i s  connec ted  to  th e  am pli­
tu d e  of th e  d e u te ro n  v e r t e x  th ro u g h  th e  r e l a t i o n :
,  Es
|d ( P j ) | =  lMn (u 2 J ) |  (3 .18 )
8 nm%Es
E( i s  th e  o f f - s h e l l  ene rgy  o f  th e  exchanged n u c le o n .  As the  
exchanged n uc leon  i s  o f f - s h e l l ,  one needs a p ro ced u re  to  e v a lu a te  the 
2 -body p a r t  of t h e  c ro s s  s e c t i o n .  The p r e s c r i p t i o n  used  h e r e  (see  
Appendix C) i s  t o  ta k e  th e  f r e e  1+6—>-3+4 a t  th e  v a lu e s  o f  s J 4  and t x4, 
co rre sp o n d in g  to  t h e  q u a s i - f r e e  s c a t t e r i n g .  Note t h a t  r e p l a c in g  th e  qua­
s i - f r e e  c ro s s  s e c t i o n  w ith  th e  f r e e  s c a t t e r i n g  one r e s u l t s  i n  th e  sub- 
2  $
s t i t u t i o n  m( f o r  p 6  everyw here . Thus, i n  th e  c o n te x t  o f  t h i s  p r e s c r i p ­
t i o n  M^, the  am p li tude  f o r  th e  q u a s i - f r e e  s c a t t e r i n g  p a r t  o f  the  
r e a c t i o n ,  i s  red u ce d  to  dependence upon o n ly  s , 4  and t x 4 .
C hapter IV 
EXPERIMENTAL SYSTEM
4 . 1  INTRODUCTION
The experim en t was performed a t  th e  T R I -U n iv e r s i ty  Meson 
F a c i l i t y  (TRIUMF) in  V ancouver, B .C .,  Canada. The TRIUMF f a c i l i t y  i s  
shown in  f i g u r e  4 . 1 .  D is c u s s io n s  co nce rn ing  t h i s  e x p e r im e n ta l  s i t e ,  
p r i m a r i l y  beam l i n e  4B, a r e  in c lu d ed  f o r  and c l a r i t y .  A more d e t a i l e d  
d e s c r i p t i o n  o f  t h e  l a b o r a to r y  can be found i n  t h e  TRIUMF handbook . ^
TRIUMF o p e ra te s  an  isoch ronous  c y c lo t r o n  which h a s  a magnet 
w i th  s p i r a l  s e c t o r s  w ith  s i x  f o ld  symmetry. I t  i s  unique i n  t h a t  i t  a c ­
c e l e r a t e s  H“  io n s  in s te a d  o f  p ro to n s  and h as  a c a p a b i l i t y  o f  p roducing  
s i x  p ro to n  beams s im u l ta n e o u s ly ,  a l th o u g h  o n ly  two e x i s t  a t  the  p r e s e n t ,  
e a c h  of which h a s  an indep en d en t energy  v a r i a b i l i t y  from 183 HeV to  a 
p e a k  va lue  of 520 MeV. P ro to n  beams a re  e x t r a c t e d  from th e  c y c lo tro n  by  
s t r i p p i n g  two e l e c t r o n s  from  the  H~ io n s  i n  f o i l s  in s id e  t h e  c y c lo t r o n .  
The e x t r a c te d  en e rg y  i s  v a r i e d  by changing th e  r a d i a l  p o s i t i o n  of th e  
s t r i p p e r  f o i l s  i n  the  c y c l o t r o n .
The c y c l o t r o n  m a g n e tic  f i e l d  must be r e l a t i v e l y  w eak, about 5 .8  
kG, t o  l i m i t  e x c e s s iv e  s t r i p p i n g  o f  th e  second e l e c t r o n  w i th  a weak 
b in d in g  energy o f  0 .75 eV from H~ io n  because  o f  the  s t r o n g  induced 
e l e c t r i c  f i e l d .  Such an e l e c t r i c  d i s s o c i a t i o n  i n  a m a g n e tic  f i e l d  th e n  
p u t s  a l i m i t  on th e  maximum energy which can be a c c e l e r a t e d ,  r e s u l t i n g  
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T h is  le d  to  th e  d e s ig n in g  o f  an u n u s u a l ly  l a r g e  magnet w i th  a t o t a l  
w e ig h t  o f  i r o n  o f  4000 to n s  and w i th  a d ia m e te r  o f  1 9 .5  m e te r s .  In  th e
rem ain ing  p a r t  of t h i s  c h a p te r  the  k in e m a t ic s  o f  th e  r e a c t i o n  s tu d ie d ,
th e  p ro to n  beam, th e  t a r g e t s  and th e  e x p e r im e n ta l  a p p a ra tu s  a re  de­
s c r i b e d .
4 .2  KINEMATICS
I n  th e  p r e s e n t  experim en t a p ro to n  of k i n e t i c  energy  506 MeV i s  
i n c i d e n t  upon a d eu te r iu m  n u c le u s  induc ing  th e  r e a c t i o n ,
p + aH — y  d + n+ + n .  (4 .1 )
(The mechanism th ro u g h  which (4 .1 )  p ro c e e d s  h a s  been  d e s c r ib e d  i n  
C hap te r  ( I I ) . )  The k in e m a t ic s  o f  th e  r e a c t i o n  under s tu d y  a re  d e f in e d  
u s in g  th e  laws of momentum and energy  c o n s e r v a t io n  by th e  fo l lo w in g  two 
e q u a t io n s :
P* = P 3  + P 4  + P 5  (4 .2 )
Ej. + ma = Ej + E4  + Es (4 .3 )
where the  incoming p r o to n ,  th e  t a r g e t  n u c le u s ,  th e  two d e t e c te d  ou tgo ing  
p a r t i c l e s ,  which a re  a d e u te ro n  and a n+ , and th e  unobserved  n e u t ro n  a re  
d en o ted  by th e  i n d i c e s  1 , 2 ,  3 ,  4 ,  and 5, r e s p e c t i v e l y ,  ( see  a l s o  f i g ­
u re  2 . 1  f o r  v a r i a b l e  and p a r t i c l e  i d e n t i f i c a t i o n ) .
The momenta o f  th e  t h r e e  p a r t i c l e s  i n  th e  f i n a l  s t a t e  o f  th e  
r e a c t i o n  a s  e x p re s se d  i n  (4 .1 )  co r re sp o n d s  to  n in e  momentum components 
and w ith  t h e  th r e e  m asses in c lu d e d  one h as  tw elve  unknowns to  be d e t e r ­
m ined . But e q u a t io n s  (4 .2 )  and ( 4 . 3 ) ,  a long  w i th  th e  assum ption  t h a t  th e
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i n v a r i a n t  m asses o f  th e se  t h r e e  o b je c t s  i s  known, reduce th e  number of 
unknowns as y e t  t o  be de te rm in ed  to  f i v e .  T h e re fo re ,  of th e  n in e  k in e -  
m a t i c a l  v a r i a b l e s  n e c e s s a ry  to  co m p le te ly  d e s c r ib e  the  f i n a l  s t a t e ,  f i v e  
must be measured to  d e te rm in e  th e  f i n a l  s t a t e  e n t i r e l y  ( i . e .  to  d e f in e  
an e x c lu s iv e  c r o s s  s e c t i o n ) .  The d e t e c t i o n  system  a rrangem en t,  d e s c r ib e d  
in  th e  fo l lo w in g  s e c t i o n s ,  a l lo w s  th e  measurement i n  c o in c id en c e  of th e  
momentum m agnitude o f  th e  d e u te ro n  (p 3) ,  the  v e r t i c a l  <0 3, 0 4 ) ,  and th e  
h o r i z o n t a l  ( 0 3 , 0 4 ) n o n - s p h e r i c a l  a n g le s  of the  d eu te ro n  and p io n ,  r e ­
s p e c t i v e l y .  With th e  measurement of th e s e  f iv e  v a r i a b l e s ,  t h e  k in e m a tic s  
i s  e n t i r e l y  d e te rm in e d .  S p h e r ic a l  a n g le s  a re  d i s t i n g u i s h e d  by a prime 
and a r e  o b ta in e d  from the  above an g le s  measured i n  space .
The fo l lo w in g  s e r i e s  o f  v a r i a b l e s  a re  d e f in e d  to  f a c i l i t a t e  a 
d i s c u s s io n  o f  k in e m a tic  o r g a n iz a t i o n  in  d a ta  c o l l e c t i n g .  They a re  the  
t o t a l  momentum,
P4 j = P i  -  P 3  = P 4  + P 3  (4 .4)
and th e  t o t a l  en e rg y ,
E 4 5  = E i  + m3  — Ej ~ E4  + Ej (4 .5)
o f  th e  p ion  and th e  n eu tro n  system , as  shown in  f i g u r e  4 .2 .  As can be
seen  from e q u a t io n  ( 4 .4 ) ,  P4f i s  such t h a t  f o r  any p 3  and 0 3 , th e re  i s  
one v a lu e  P 4 5  and i t s  co rre sp o n d in g  an g le  0 4 , .  When the  n e u t ro n  and p io n  
a re  a long  the  d i r e c t i o n  of P4 5 , t h e i r  momenta a re  th e  ex trem a, i . e . ,  e i ­
t h e r  minimum p s and maximum p 4  o r  v ic e  v e r s a .  To be s p e c f ic ,  a q u a d ra t ic  
e q u a t io n  in  e i t h e r  p 4  or p 5  i s  o b ta in e d  where th e  d e s i r e d  one o f  the two
momenta are  e a s i l y  d e r iv e d  and we no te  h e r e  the  s o l u t i o n  f o r  p 5 :
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e j P 4 jC O s(it> ) + E 4 { ( ( s j  -  4Afflj))a
Ps (4 .6 )
2A
where
2 2 2 A = E4 5  -  P4 J cos (w ), (4 .7 )
0 )s — 0 j -  0 4  j  . (4 .8 )
We n o te  h e re  t h a t  th e  d i r e c t i o n  o f  th e  p io n  i s  s u f f i c i e n t  t o  e n t i r e l y  
d e f in e  p 5 . F u r th e r ,  i n  e q u a t io n  ( 4 . 6 ) ,
The an g le  P 5  forms w i th  P4 J , i s  th e n  c a l c u l a t e d  using  e q u a t io n  ( 4 .8 ) .
which i s  th e  i n v a r i a n t  mass sq u ared  o f  the  n e u t ro n  and p io n  system. 
Thus f o r  a g iven  p 3  and 0 a v a lu e s  we can s tu d y  a re g io n  o f  p 5  around a 
g iven  minimum v a lu e  i n  p s , which o c c u rs  when p 4  and p 5  a re  c o l l i n e a r  (o r  
when th e  p io n  and th e  n e u t ro n  p ro ceed  to  e x i t  a t  th e  same l a b  a n g le s ) .  
This  minimum p 5  i s  o b ta in e d  o n ly  i f  th e  p io n  goes forward i n  t h e  2-body 
c e n te r -o f -m a s s  co r re sp o n d in g  t o  th e  n e g a t iv e  s ig n  s o lu t io n  i n  e q u a t io n
(4 .6 )  f o r  p s . With t h i s  c o n d i t io n  and th e  c o l l i n e a r i t y  o f  th e  p ion  and 
the  n e u t ro n  where (o4  = u ,  = 0 , see f i g u r e  4 . 2 ,  e q u a t io n  (4 .6 )  red u ces  t o  
the  form:
e j  = M4  j + ms -  m4 (4 .9 )
2
In  e q u a t io n  ( 4 .9 ) ,  M4 5  i s  g iven  a s ,
(4 .10)




m i n  „ (4 .11)
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4 .2 .1  KINEMATIC ORGANIZATION OF THE KXPKRTMKNT
The choice o f  d e u te ro n  and p io n  k in e m a t ic  p a ra m e te rs  w i l l  be 
gnided  by c o n s id e r in g  P in a l  S ta te  I n t e r a c t i o n s  ( F S I ) , as d i s c n s s e d  in  
Chapter ( I I ) .  The two f i n a l  s t a t e  o b j e c t s  le n d in g  them se lves  f o r  t h i s  
c o n s id e r a t io n  th rough  t h e i r  i n v a r i a n t  mass , M4 5  a r e  the  p io n  and the  
n e u tro n .
As e x p la in e d  i n  s e c t io n  4 . 2 .  f o r  any g iv e n  value  o f  p 3  and 0 3  
and th u s  M4 J , th e re  i s  one p io n  an g le  which co rre sp o n d s  to  minimum neu­
t r o n  r e c o i l  momentum; a c o n d i t io n  under  which b o th  th e  p ion  and th e  neu­
t r o n  a re  s c a t t e r e d  a t  th e  same la b  a n g l e s .  (See f i g u r e  4 . 2 . )  B ut, i f  
the  a n g le s  o f  the  p io n  and the  n e u t ro n  a re  no t e q u a l ,  as i l l u s t r a t e d  in  
f ig u r e  4 . 2 ,  th e  r e c o i l  momenta c o rre sp o n d in g  to  t h i s  n o n - c o l l i n e a r  s i t u ­
a t io n  a re  n e c e s s a r i l y  l a r g e r  th an  p j m*n . A p l o t  o f  p 3  v e rsu s  M4J t r a c ­
ing t r a j e c t o r i e s  of c o n s ta n t  0 3  and p s i s  shown i n  f ig u r e  4 . 3 .  T h is  f i g ­
u re  i l l u s t r a t e s  t h a t ,  a t  f ix e d  0 3, v a ry in g  p 3  and choosing 0 4  f o r  
minimum r e c o i l  m a in ta in s  p s c o n s ta n t ,  b u t  changes M4 3 . Thus t o  move on 
th e  c o n s ta n t  p 5  t r a j e c t o r y ,  p 3  and 0 4  have to  be changed s im u l ta n e o u s ly .  
The d i f f e r e n t  t r a j e c t o r i e s  a re  l a b e l l e d  as  e i t h e r  0 3  o r  p s w i th  th e  cor­
re spond ing  v a lu e s  in  th e  r e s p e c t iv e  v a r i a b l e s .
K in em atica l  p a ra m e te rs  f o r  th e  p 5  = 0 .0 0 5  GeV/c r e c o i l  t r a j e c ­
to r y  a t  th e  medium a n g le  co r resp o n d in g  to  the  a x i s  of th e  Medium 
R e s o lu t io n  S p ec tro m ete r  (MRS), 0 3  = 11° to  w i th in  th e  +1.5° accep tance  
o f  the  s p e c tro m e te r  a re  g iv e n  in  t a b l e  4 . 1 .  As dem o n stra ted  i n  t h i s  t a ­
b l e ,  th e  d e u te ro n  a n g le  0 3  a s lo w ly  changing v a r i a b l e .  Hence, 0*, 
th e  BIRS a n g le  does n o t  need to  be changed, s in c e  f o r  th re e  v a lu e s  in  
m agnetic  f i e l d  (or e q u i v a l e n t l y  in  c e n t r a l  p 3) ,  th e  reg io n  o f  i n t e r e s t ,
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t a k in g  i n t o  acco u n t th e  +15% momentum acc e p ta n c e  o f  th e  s p e c t ro m e te r ,  i s  
co v e re d .  The p io n  a n g le ,  04 , i s  f o r  p 3  w hich c o r re s p n d s  to  th e  minimum 
r e c o i l .  The p io n  d e t e c t o r s ,  as can be s e e n  i n  t a b l e  4 .1 ,  need  o n ly  be
0  op o s i t i o n e d  a p p ro x im a te ly  4 a p a r t ,  s t a r t i n g  n e a r  24 and ap p ro x im a te ly  
o o
8  a p a r t  n e a r  80 . F o u r te e n  d e t e c t o r s  w ere used  i n  th e  p r e s e n t  e x p e r i ­
m ent.  { See s e c t i o n  4 .6  f o r  f u r t h e r  d e s c r i p t i o n . )
I n  t a b l e  4 . 2 ,  an example of d i f f e r e n t  k in e m a t ic s  f o r  a f ix e d  
v a lu e  of M4 5 , ta k e n  from t a b l e  4 .1  d e te rm in e d  by th e  co r re sp o n d in g  p 3  
and 0 , g iv in g  p ,  a t  an g le  0 4  o f  each one o f  th e  p io n  d e t e c t o r s ,  i s  i l ­
l u s t r a t e d .  The range  o f  p 3  f o r  a f i x e d  v a lu e  i n  M4 5  f o r  a g iv e n  c e n t r a l  
c o n d i t i o n  i n  th e  momentum v e c t o r  of t h e  d e u te ro n  (p 3 , 0 3) i s  about 0 .25 
GeV/c. A p l o t  o f  p s v e r s u s  p 3  i l l u s t r a t i n g  th e  range  i n  th e s e  v a r i a b l e s  
covered  by eac h  one of th e  p io n  d e t e c t o r s  i s  shown i n  f i g u r e  4 . 4 .  (The 
a p p l i c a t i o n  o f  t h i s  k in e m a tic  p l o t  i s  d i s c u s s e d  f u r t h e r  i n  Chapter 
( V I ) . )  T r a j e c t o r i e s  a re  i d e n t i f i e d  by th e  a n g u la r  p o s i t i o n  o f  th e  p io n  
d e t e c t o r s .
I n  most c a s e s ,  th e  d a t a  f o r  a g iv e n  c o n d i t i o n  f ix e d  by th e  deu­
t e r o n  k in e m a t ic  p a ra m e te rs  ( p 3, 0 3) were d iv id e d  i n t o  s e v e r a l  experimen­
t a l  runs  w i th  b o th  CDa and C** t a r g e t s .  The ex p er im en t h a s  b e e n  de­
s ig n e d  and p e rfo rm e d  a c c o rd in g  to  t a b l e  4 . 3 ,  c o v e r in g  a range i n  0 3  from
0 0 o
1 1  to  2 1  i n  s t e p s  o f  2  , w h ile  l e a v in g  p io n  c o u n te r s  a t  th e  a n g le s  in ­
d i c a t e d  e a r l i e r .
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F ig u re  4 .2 :  (a) R e c o i l  geom etry w ith  p ? in  d e f in e d  by e ; 5  «  ©; =
*•*» * o r
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TABLE 4 .1
K inem atic  p a ra m e te rs  f o r  th e  p ,  = 0 .005  GeV/c minimum r e c o i l  t r a j e c t o r y
a t  Tp = 0 .506  GeV and = 1 1 ° .
M4 s(GeV) P , (GeV/c) © s ( d e g ) p 4 (GeV/c) 0 4  (deg)
1.255 n o t  allow ed
1.250 0.769 1 . 1 0.324 2.4
1.232 0.830 8 .5 0.298 23 .9
1 . 2 2 2 0.862 9 .8 0.283 30.5
1 . 2 1 2 0.893 1 0 .5 0 .269 36.5
1 . 2 0 2 0.922 1 0 .9 0.254 42.2
1.192 0.951 1 1 . 0 0.239 47.8
1.182 0.979 1 0 .9 0.225 53.5
1.172 1.006 1 0 . 6 0 . 2 1 0 59.4
1.162 1.032 1 0 . 2 0.194 65.7
1.152 1.057 9 .6 0.179 72.6
1.142 1.082 8 . 8 0.163 80.3
1 .132 1.106 7 .9 0.147 89.3
1.131 1.109 7 .8 0.145 -8 9 .7
1 . 1 0 0 1.180 2 . 0 0.086 -2 6 .8
1.080 n o t  a llow ed
* M4J = m4  + m5
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TABLE 4 .2
K inem atic  p a ra m e te rs  f o r  a c o n s t a n t  M4 5  t r a j e c t o r y .  
M4J = 1 .1 9 2  GeV p ,  = 0 .9 5  GeV/c 5 ,  = 11°
®*(deg) p 4 (GeV/c) 0 5 (deg) p 5  (GeV/c)
2 4 .0 0 .2 3 4 1 1 9 .2 0 .099
2 8 .0 0 .2 3 5 1 2 1 . 1 0.083
3 2 .0 0 .237 1 2 2 .7 0.066
3 6 .0 0 .2 3 8 1 2 3 .6 0.050
4 0 .0 0 .2 3 9 1 2 2 .9 0.033
4 4 .0 0 .240 1 1 5 .3 0.016
4 8 .0 0 .240 3 3 .0 0.006
52 .0 0 .2 3 9 - 2 2 . 6 0.019
5 6 .0 0 .2 3 9 - 2 7 .9 0.036
6 4 .0 0 .237 - 2 7 .1 0 .069
7 2 .0 0 .233 - 2 3 .6 0 . 1 0 2
80 .0 0 .2 2 9 - 1 9 .3 0.133
8 8 . 0 0.223 - 1 4 .9 0.163
96 .0 0 .217 - 1 0 .5 0.191
TABLE 4 .3  
P lan  f o r  e x p e r im e n ta l  ru n s
P j
0 j (deg) 1 2 3
1 1 . 0 860.0 979.0 1054.0
13.0 979.0 1054.0
15.0 789.0 962.0 1053.0
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F igure  4 . 4 :  F am il ie s  o f  p 5  v e r s u s  p 3  cu rves  a t  c o n s t a n t  0 4  a t  a g iven
e ,
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4 .3  PROTON BEAM
Since  th e  c y c lo t r o n  i s  i s o c h ro n o u s ,  th e  m acroscop ic  d u ty  cy c le  
i s  100%, meaning t h a t  i t  o p e r a t e s  c o n t in u o u s ly .  The m ic ro sc o p ic  du ty  
c y c le  i s  ap p ro x im a te ly  20%, co rresp o n d in g  t o  'beam -on ' f o r  9 n s  ev e ry  43 
n s .  The beam c h a r a c t e r i s t i c s  a r e  summarized i n  t a b l e  4 . 4 .  The energy  
r e s o l u t i o n  i s  th e  r e s u l t  o f  energy  sp read  and r e s o l u t i o n  o f  th e  c y c lo ­
t r o n ,  th e  beam t r a n s p o r t  system  and th e  Medium R e s o lu t io n  S p ec tro m ete r  
(MRS). (See s e c t i o n  4 .5  f o r  th e  d e s c r i p t i o n  o f  th e  MRS.) The d iv e rg e n ce  
and beam sp o t s i z e  g iven  i n  t a b l e  4 .4  a re  v a lu e s  a t  th e  l o c a t i o n  o f  th e  
t a r g e t  of th e  p r e s e n t  e x p e r im e n t .
A p o la r i m e t e r  p o s i t i o n e d  3 .2  m u p s tream  o f  t a r g e t  l o c a t i o n  4BT1 
(s e e  f ig u r e  4 .5  -  p ro to n  h a l l )  i s  th e  p r im ary  m on ito r  o f  beam i n t e n s i t y  
and p o l a r i z a t i o n .  I t  i s  com prised  of a t h i n  CH3  t a r g e t  and two p a i r s  of
c o u n te r  t e l e s c o p e s ,  each one s e l e c t i n g  e l a s t i c  p ro to n - p r o to n  s c a t t e r i n g
oe v e n t s  a t  a l a b  ang le  o f  17 . The r i g h t  and  l e f t  even t a re  s c a le d  sepa­
r a t e l y  and a c c i d e n t a l  e v e n ts  were formed by  d e lay ed  c o in c id e n c e  i n  each 
c o in c id e n t  t e l e s c o p e .  The t o t a l  number o f  co u n ts  i s  g iv e n  by
Nmon = Lr + Rr '  <R.  + V  (4.12)
L, R a re  l e f t  and r i g h t  s c a t t e r e d  t o t a l  c o u n t s ,  r e s p e c t i v e l y ,  whereas 
th e  s u b s c r ip t s  r  and a s ta n d  f o r  r e a l  and a c c id e n t a l  e v e n t s .  The t o t a l  
number of p r o t o n s ,  N^, c o l l im a te d  a t  th e  e x p e r im e n ta l  t a r g e t  i s  o b ta in e d  
a s :






















F ig u re  4 .5 :  Layout o f  th e  p ro to n  h a l l
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where a y i e l d  of 401 coun ts  p e r  nano-Coulomb a t  500 M eV ,^  was o b ta in e d  
f o r  th e  CHa t a r g e t  ( t a r g e t  # 8 ) u sed  i n  th e  p r e s e n t  e x p e r im en t .
The q u a l i t y  of the  beam tu n in g  i s  checked by a c c id e n t a l  to  r e a l  
r a t i o ,  ( a / r )  which i s  t y p i c a l l y  about 0.3% a t  1 nA. This  experim ent 
u sed  th e  u n p o la r i z e d  p ro to n  beam and was run  a t  beam c u r r e n t s ,  1 ^ be­
tw een 1 and 2 nA. V alues o f  beam m o n i to r in g  p a ra m e te rs  f o r  t h r e e  t y p i ­
c a l  ex p e r im e n ta l  ru n s  a re  g iv e n  i n  t a b l e  4 .4 .
TABLE 4 .4  
Beam P r o p e r t i e s ,  T = 506 MeV
energy  r e s o l u t i o n  
d iv e rg e n ce  
s p o t s i z e ( v i s u a l )
Beam M onito r  P a ram e te rs
Run # Nmon NP I b (nA)
32 2 .6 9  1 0 * 4 2 .1 0  10“ 2 . 0
56 4 .7 4  10* 7 .1 4  10 1 3 1 .5
62 9 .6 8  10* 15 .10  10 1 3 1 . 0
The beam p o s i t i o n  a t  th e  ex p e r im en ta l  t a r g e t  was moni­
to r e d  f r e q u e n t ly  by obse rv in g  th e  glow ing beam s p o t  on a f l u o r e s c e n t  
s c re e n  i n s e r t e d  te m p o r a r i ly  a t  th e  l o c a t i o n  of th e  t a r g e t .  T h is  v e r i f i ­
1 .0  MeV (FWHM) 
+ 0 . 2  mr 
0 .25 cm*
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c a t i o n  was in ten d ed  to  confirm  t h a t  th e  c ro s s  s e c t i o n a l  a re a  of th e  beam 
i n t e r c e p t e d  by th e  t a r g e t  remained c o n s ta n t  and much s m a l le r  th a n  t h a t  
o f  th e  t a r g e t .
4 .4  TARGETS
The t a r g e t  a t  l o c a t i o n  4BT2 (see  f i g u r e  4 .5 )  i s  k e p t  in s id e  a 
g e n e ra l  p u rpose  t a r g e t  chamber which n o rm a lly  p ro v id e s  an unbroken vacu­
um from th e  c y c lo t ro n  window to  th e  beam dump. However, t h i s  con tinuous  
vacuum was i n t e r u p t e d  f o r  th e  p r e s e n t  e x p e r im e n t . ( See s e c t i o n  4 .5 .1  f o r  
f u r t h e r  d i s c u s s i o n . )
The chamber was equiped  w i th  a t a r g e t  l a d d e r  f o r  mounting up to  
seven  s o l i d  t a r g e t s .  These t a r g e t s  were re m o te ly  p o s i t i o n e d  and r o t a t e d .
o
The t a r g e t  la d d e r  was o r i e n t e d  a t  36 w ith  r e s p e c t  to  th e  R ig h t  Hand 
S ide  (RHS) o f  th e  beam d i r e c t i o n  and rem ained  a t  t h i s  an g le  f o r  th e  to ­
t a l  e x p e r im e n ta l  s e s s i o n .  F ig u re  4 .6  shows th e  o r i e n t a t i o n  of th e  t a r -
%
g e t  l a d d e r .  The average  e f f e c t i v e  t h i c k n e s s ,  dQ^  in  (gm/cm ) ,  of t a r ­
g e t s  p r e s e n te d  t o  the  i n c i d e n t  beam i s  o b ta in e d  from
de f  = ---------- 5  —  (4 .14 )
c o s (36 + 0 j )
where d and 0 S are  th e  p e r p e n d ic u la r  th i c k n e s s  o f  th e  t a r g e t  and the  
c e n t r a l  a n g le  of th e  MRS, r e s p e c t i v e l y .
X xThe t a r g e t s  used  i n  t h i s  experim en t were CDa , C , and CHa ,
1 2
The CDa s e rv e d  as  th e  d eu te r iu m  t a r g e t  and C was used to  account f o r  
th e  e v e n tu a l  s u b t r a c t i o n  o f  background w hich a ro se  th e  carbon  i n  CD2 . 
D ata  were a l s o  c o l l e c t e d  w i th  the  CHa t a r g e t  to  s tudy  th e  t r a n s m is s io n
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o f  th e  MRS as a f u n c t io n  o f  th e  d ip o le  c u r r e n t  and i s  d is c u s se d  in
C hap te r  V. Table 4 .5  summarizes t a r g e t  p a ra m e te r s .  The q u a n t i t i e s
1 %Ng(CD3) ,  Nc (CD3) ,  and Nc (C ) a re  the  number of s c a t t e r i n g  c e n t r e s  p e r  
cm2 f o r  d eu te ro n s  i n  th e  CDa t a r g e t ,  c a rb o n  n u c le i  i n  t h e  CDa t a r g e t ,
XI
and ca rbon  n u c l e i  i n  th e  C t a r g e t , r e s p e c t i v e l y .  The above th re e  quan­
t i t i e s  g iven  f o r  d a re  e v a lu a te d  fo r  dQ^  i n  e q u a t io n  (4 .1 4 )  when u sed  i n  
th e  d e te rm in a t io n  o f  th e  c r o s s  s e c t io n ,  see  e q u a t io n  ( 5 .2 4 ) .
TABLE 4 .5  
T a r g e t  d im ensions
CDa c “  CH3
d(mgm/cma ) 2 1 0 .0  195.0 2 .5
Nd (CDa )(cm- 3 ) 15 .801  10“  -----  -----
Nc (CD2)(cm "3) 7 .905  10“  ----- -----
N ( c “ ) (cm- 3 )   9.787 10“  -----
V
Figure 4 . 6 :  Sketch o f  t a r g e t  geometry
45
4 .5  DEDTERON DETECTION ARM
L o ca ted  on th e  l e f t  s id e  o f  the  beam l i n e  i s  th e  Medium 
R e s o lu t io n  S p e c t ro m e te r ,  a perm anent f a c i l i t y  on th e  beam l i n e  4B. 
F ig u re  4 .7  d i s p l a y s  th e  p h y s ic a l  la y o u t  of th e  ex p e r im e n ta l  s e tu p .
The MRS i s  a m agne tic  s p e c tro m e te r  com prised  o f  a q u ad ru p o le ,  a 
d i p o l e ,  t h r e e  s e t s  o f  m u l t iw ire  p r o p o r t i o n a l  chambers (MWPC), and t h r e e  
s c i n t i l l a t i o n  c o u n te r s .  The d i s t a n c e s  o f  th e  d i f f e r e n t  components in  
th e  MRS from th e  t a r g e t  a r e  shown i n  f ig u r e  4 . 9 ,  which g iv e s  a v e r t i c a l  
s e c t i o n  o f  th e  MRS. The key to  i d e n t i f y i n g  t h e  d i f f e r e n t  p a r t s  o f  th e  
MRS i s  found i n  t a b l e  4 . 6 .  The MWPCs a re  p o s i t i o n  d e t e c t o r s  and each 
s e t  c o n s i s t s  o f  one h o r i z o n t a l  and one v e r t i c a l  c o u n te r .  The two s c in ­
t i l l a t i o n  c o u n te r s  l o c a t e d  above th e  d ip o le  e x i t  form a p a i r  h e r e a f t e r  
r e f e r r e d  to  as  SL2 and th e  t h i r d  one i s  p o s i t i o n e d  b e fo re  th e  quadru­
p o l e .  T h is  system , as  i l l u s t r a t e d  i n  f ig u r e  4 . 9 ,  d e te rm in e s  th e  t r a j e c ­
to r y  o f  a p a r t i c l e  i n  th e  v i c i n i t y  o f  the  f o c a l  p la n e  and m easures  i t s  
momentum and v e l o c i t y .  The momentum and v e l o c i t y  a re  connec ted  th rough  
th e  r e l a t i o n ,
p = m0yp (4.15)
where p , m0 , and 0 a re  th e  momentum, r e s t  mass and th e  v e l o c i t y  of th e  
p a r t i c l e ,  r e s p e c t i v e l y .  The L o ren tz  e q u a t io n  (4 .15 )  shows t h a t  i f  the  
v e l o c i t y  i s  m easured ( s e e  s e c t i o n  4 . 2 ) ,  th e  i n v a r i a n t  mass can  be c a lc u ­
l a t e d  g iven  th e  momentum. The v e l o c i t y ,  0 , and y a re  connec ted  th rough  
th e  e q u a t io n :
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1
r   ---------- r T  (4 .15b)
( l  -  p )
The method w i th  w hich th e  momentum of th e  p a r t i c l e  i s  o b ta in e d  i s  d i s ­
c u s s e d  in  ( 4 . 5 . 3 ) .  The maximum momentum w hich can be d e t e c t e d  w i th  t h i s  
d e v ic e  i s  1 .5  GeV/c and t h i s  co rresp o n d s  t o  800 MeV p r o to n s ,  500 MeV 
d e u te r o n s ,  350 MeV t r i t o n s  e t c .
The s p e c t ro m e te r  r o l l s  on a c i r c u l a r  t r a c k  c e n t e r e d  a t  l o c a t i o n  
4BT2 and i s  c o n v e n ie n t ly  r o t a t e d  w ith  th e  h e lp  of a i r  pads  and a motor
d r iv e n  w heel. The range o f  s c a t t e r i n g  (o r  la b )  a n g le s  t h a t  can be cov-










F ig u re  4 .7 :  E xperim en ta l  la y o u t  f o r  d e t e c t i n g  d and ir+ in  th e  r e a c t i o n
H (p ,dn  )n
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4 . 5 .1  MAGNETS
The MRS m agnetic  system  c o n s i s t s  o f  a s i n g l e t  quadrupole  and a 
d i p o l e .  The f r o n t  face  o f  th e  qnad rnpo le  can be p o s i t i o n e d  anywhere be­
tween 1 and 2m from th e  t a r g e t  and i s  s e t  f o r  p o i n t - t o - p o i n t  imaging and 
p r o v id e s  a focus  i n  th e  non-bend o r  h o r i z o n t a l  p lane  a f t e r  th e  d ip o le .  
The d ip o le  t h a t  bends charged  p a r t i c l e s  upwards w ith  n o m in a lly  60° bend 
a n g le  i s  s t r o n g ly  fo c u s in g  i n  th e  bend o r  v e r t i c a l  p la n e .  The combina­
t i o n  of th e s e  two o p t i c a l  e lem en ts  p ro d u ces  an image o f  th e  t a r g e t  on a 
f o c a l  s u r f a c e  l o c a te d  betw een th e  two p o s i t i o n  s e n s i t i v e  d e t e c t o r s ,  2m 
above th e  e x i t  o f  th e  d i p o l e .
The d i f f e r e n t  a n g u la r  ranges  t h a t  can be covered  depend on th e  
c o n f ig u r a t io n  of s c a t t e r i n g  chamber, beam p ip e ,  and th e  q u a d ru p o le 's  po­
s i t i o n ;  th e  cho ice  of th e s e  p a ra m e te rs  i s  a compromise betw een s o l i d  an­
g le  and p h y s ic a l  l i m i t a t i o n s . ^  One p o s s i b l e  cho ice  i s  th e  Small Angle 
C o n f ig u ra t io n  (SAC) w i th  th e  q u a d r u p o le 's  f r o n t  face  d i s t a n c e  o f  2 m 
measured from the  c e n t r e  of t a r g e t .  I n  t h i s  mode of o p e r a t io n ,  th e  cen­
t r a l  s e c t i o n  of th e  s c a t t e r i n g  chamber i s  r e p la c e d  by a h o rn  and th e
beam i s  s topped  i n  a sm all  F araday  cup in s id e  th e  s c a t t e r i n g  chamber,
and one can m easure a n g le s  down to  abou t 1 6 ° .  The o th e r  v a r i a t i o n  o f  the 
SAC and th e  one we adap ted  i n  th e  p r e s e n t  experim ent i s ,  along w ith  po­
s i t i o n i n g  th e  quadrupole  a t  1 .7 5  m from th e  t a r g e t ,  to  r e p la c e  th e  down­
s tream  beam p ipe  w i th  a he lium  bag and use  the  r e g u la r  100 nA beam dump
in  th e  c o rn e r  of th e  p ro to n  h a l l .  The a n g u la r  range covered  in  t h i s  ex -
0  0p e r im en t  i s  from 21 down to  11 . The d i s t a n c e s  o f  e lem en ts  from the
t a r g e t  i n  th e  SAC mode of o p e r a t io n  a re  shown in  f i g u r e  4 . 9 .
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4 . 5 . 2  SCINTILLATORS
I n  f ig u r e  4 . 9 ,  SL1 i s  a 1/32 in c h  t h i c k  p l a s t i c  s c i n t i l l a t o r  
mounted abou t 66 cm from the  t a r g e t .  I t  i n s u r e s  t h a t  a p a r t i c l e  e n te re d  
th e  quadrupole  and p ro v id e s  a s t a r t  s ig n a l  f o r  th e  m easurem ent o f  the  
t i m e - o f - f l i g h t  th rough  th e  s p e c t ro m e te r .  SL2 i s  a s e t  o f  two 12 .5  cm 
w id e ,  100cm long and 2 .5  cm t h i c k  s c i n t i l l a t o r  p a d d le s  mounted behind  
th e  f o c a l  p la n e  ( s e c t i o n  4 .5 .3 )  chambers. Each padd le  i s  view ed by two 
p h o t o - m u l t i p l i e r  t u b e s ,  one a t  each  end. The l i n e a r  sum of  th e s e  fo u r  
s i g n a l s  forms p a r t  o f  th e  MRS t r i g g e r .
A charged  p a r t i c l e  p a s s in g  th ro u g h  th e  s p e c t ro m e te r  p roduces  a 
p u ls e  from each  one o f  th e se  s c i n t i l l a t o r s  (SL1 and SL2) which have a 
s e p a r a t io n  d i s t a n c e  th rough  th e  c e n t r e  o f  t h e  s p e c t ro m e te r  o f  11 m. The 
energy  l o s s ,  as  de te rm in ed  by p u l s e - h e i g h t  a n a l y s i s  o f  th e  dynode s ig n a l  
from SL2, i s  u sed ,  a lo n g  w ith  t i m e - o f - f l i g h t  (TOF) t o  i d e n t i f y  p a r t i c l e s  
( s e e  s e c t i o n  4 . 7 . 2 ) .  The m easured v e l o c i t y  o f  th e  p a r t i c l e  i s  based  on 
th e  e f f e c t i v e  p a th  le n g th  which i s  p r o p o r t i o n a l  to  th e  en e rg y  lo s s  in  
SL2 and i s  o b ta in e d  from ,
4  2  2dE 4ne z 2mv
   --------------- j“ NeZ In   (4 .16)
dX (4na0) I
where z and Z a re  th e  p ro to n  numbers of th e  p a r t i c l e  and th e  medium SL2, 
r e s p e c t i v e l y ,  v i s  th e  p a r t i c l e  speed , NQ i s  th e  e l e c t r o n  d e n s i t y  of the  
medium ( e l e c t r o n s /m 1) ,  I  i s  th e  mean i o n i z a t i o n  p o t e n t i a l  o f  th e  d e te c ­










F ig u re  4 .9 :  V e r t i c a l  s e c t i o n  drawing o f  th e  MRS
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TABLE 4 .6  
Key to  th e  l e t t e r s  i n  f i g u r e  4 .9
a T2 s c a t t e r i n g  chamber
b AEg s c i n t i l l a t o r ( S L 1 )
c X0 , Y0 w ire  chamber (MffCl)
d E n tra n c e  f o i l  to  th e  MRS vacuum
e Quadrupole
f L o c a t io n  o f  NMR probe
g E n tran ce  p o le  t i p
h D ipo le
i E x i t  p o le  t i p
j E x i t  vacuum window
k X^, w ire  chamber (MWC2)
1 Xt# Y^ w ire  chamber (MWC3)
m S c i n t i l l a t o r s  (SL2)
4 . 5 . 3  MOMENTUM DETERMINATION
The t h r e e  s e t s  o f  w ire  chambers (MffCl, MWC2, and MWC3) mounted 
p e r p e n d i c u la r  to  th e  c e n t r a l  ray  were used  to  d e te rm in e  c o o rd in a te s  of 
t r a j e c t o r i e s .  Each chamber had b o th  v e r t i c a l  and h o r i z o n t a l  w ire s  w ith  
a 2 mm spac ing  w i th  a t y p i c a l  p o s i t i o n  r e s o l u t i o n  o f  +1 mm and c o r r e -
JL
2 2 2spend ing  u n c e r t a i n t y  in  p o s i t i o n  o f  ( ( . 1 )  + ( .1 )  ) =1.4  mm. The coor­
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d i n a t e s  measured w ith  MffCl a re  X0 and Y0 and mark th e  e n t ra n c e  o f  th e  
t r a j e c t o r y  i n t o  the  q u ad ru p o le .  MWC2 and MffC3 a re  1 m a p a r t  and lo c a te d  
beyond th e  d i p o l e .  MWC2 m easures X^ and Yp w hereas  MWC3 m easures  X^ . and 
Yj. c o o r d in a te s  o f  th e  t r a j e c t o r y .  T ab le  4 .7  g iv e s  th e  w ire  numbers and 
th e  s i g n i f i c a n c e  in  th e  d i r e c t i o n  of t h e i r  in c r e a s e  f o r  th e  ex p e r im e n ta l  
v a r i a b l e s  th e y  m easure .  T h is  c o o r d in a te  in fo rm a t io n  i n  t u r n  i s  u t i l i z e d  
t o  c a l c u l a t e  th e  momentum as a f u n c t i o n  o f  X^, th e  i n t e r c e p t  o f  th e  t r a ­
j e c t o r y  w i th  th e  f o c a l  p lane  and B, th e  average  m agnetic  f i e l d .  The mo­
mentum i s  g iv e n  i n  a q u a d r a t i c  r e l a t i o n
p»(Xf ,B) = p 3(B ) (1 .0  + C1 (Xf - 2 5 6 ) (1 .0  + (Xf - 2 5 6 ) /C 4) ) (4 .17 )
where X^ i s  d e te rm in e d  by Xt  and X^, as  shown i n  s e c t i o n  4 .2 .3  below and 
p 3 , th e  c e n t r a l  momentum used i n  a g iv e n  m easurem ent, i s  d e f in e d  by th e  
d ip o l e  and quadrupo le  f i e l d s :
P j ( B )  = 90.3B (4 .18 )
where th e  ave rage  m agnetic  f i e l d ,  B i s  o b ta in e d  a s :
B(kG) = 0 .208  + 2 .2 3 I D + 0 . 1 4 l J  -  O .O lS lJ  (4 .19)
and I q i s  th e  c u r r e n t  s e t  in  t h e  d ip o le  c o i l ;  a co rre sp o n d in g  c u r r e n t  i s  
s e t  i n  th e  quad rupo le  c o i l  u s in g  th e  l i n e a r  r e l a t i o n :
I D = 1 .7 7 3 I quad (4 .20 )
The e q u a t io n  o f  th e  f o c a l  p la n e  as  shown in  f i g u r e  4 .1 0  i s
Z » Zf  + Xf t a n ( 9 f ) (4 .21 )
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F ig u re  4 .1 0 :  C o o rd in a te  system i n  th e  f o c a l  p la n e
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where Zf , 9 f  a re  th e  f o c a l  p la n e  i n t e r c e p t  w i th  th e  Z a x i s  and th e  angle 
th e  f o c a l  p la n e  makes w i th  o r  Xt  p la n e ,  r e s p e c t i v e l y ,  S i m i l a r i l y ,  
th e  e q u a t io n  t h a t  d e s c r ib e s  th e  t r a j e c t o r y  of a p a r t i c l e  i n  th e  fo c a l  
p la n e  i s  g iv e n  a s :
Xf  = Xb + Z—  -------—  (4 .22 )
Xt Xb
where X^X^ i s  th e  d i s t a n c e  betw een th e  Xt  and p la n e .  Hence, s u b s t i ­
t u t i n g  e q u a t io n  (4 .22 )  i n  ( 4 .2 1 ) ,  one o b ta in s  f o r  the  c o o rd in a te  o f  in ­
t e r c e p t  of th e  t r a j e c t o r y  w i th  th e  f o c a l  p la n e :
c 4xb -  C ,xt
(C4 -  C,) -  (Xt  -  Xb )
Xf  = -----------------------------------  (4 .22b )
The c o e f f i c i e n t s  C3 , C4 i n  (4 .22b)  a re  th e  f o c a l  p lane  i n t e r c e p t  i n  w ire  
number of th e  Xh and Xt  p la n e ,  r e s p e c t i v e l y .  They a re  i n  th e  form:
C3 = Zf ( t a n ( 0 f ) ) _1 (4 .2 3 a )
C4 = -<Xt Xb + Zf ) ( t a n ( 8 f ) ) -X (4 .23b )
C4 -  C3 = Xt Xb ( ta n (© f ) ) “ 1 (4 .2 3 c )
For a g iv e n  9^ th e se  c o e f f i c i e n t s  a re  c o n s t a n t s .  However, in  o r d e r  to  
o b ta in  th e  optimum r e s o l u t i o n ,  i t  i s  n e c e s s a ry  to  in c lu d e  some q u a d r a t i c  
c o r r e c t i o n s .  The c o r r e c t e d  f o c a l  p la n e  c o o rd in a te  i s  th e n  c a l c u l a t e d  as
x fc  “  X£ + C,(Xt  -  Xb + 56 -  Xf / 4 ) a (4 .24 )
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and c o n se q u e n t ly ,  Xj i s  r e p la c e d  by X jc i n  e q u a t io n  (4 .1 7 )«  Table 4 .8  
g iv e s  th e  c o n s ta n t s  i n  ( 4 .1 7 ) ,  (4 .2 2 b )  and (4 .24 )  a p p l i c a b le  t o  SAC.
I t  can now be u n d e rs to o d  t h a t  the  HRS can be used as  a mass 
s p e c t ro m e te r .  The mass o f  th e  charged  p a r t i c l e ,  r e - e x p r e s s in g  (4 .15) and 
u s in g  e q u a t io n s  (4 .1 5 b ) ,  ( 4 .1 6 ) ,  and (4 .17 )  f o r  y ,  0 and p , ,  r e s p e c t i v e ­
l y ,  i s
P»
m = — . (4 .25 )
r0
TABLE 4 .7  
MWPC c o o r d in a te s






1792 -  1856 
1920 -  1984
1024 -  1535 
1664 -  1791
0 -  511
1536 - 1663
D ir e c t io n  o f  in c re a s in g  
w ire  numbers o r  
s i g n i f i c a n c e
downward
d e c re a s in g  s c a t t e r i n g  
ang le
d e c re a s in g  momentum
in c re a s in g  s c a t t e r i n g  
ang le
d e c re a s in g  momentum




Momentum c a l i b r a t i o n  p a ra m e te rs  f o r  SAC
e f -5 8





4 . 5 .4  SPECTROMETER ACCEPTANCE
The Monte C arlo  tech n iq u e  was employed to  d e te rm in e  th e  a n g u la r  
and momentum a cc ep tan c es  o f  the  s p e c tro m e te r  i n  the  s tu d y  made by  L. E. 
A ntonuk.34 j n th e se  s t u d i e s  no t  o n ly  a l l  th e  p o s s ib le  a p e r t u r e s  were i n ­
c lu d e d ,  b u t  th e  e f f e c t  o f  helium  b ag s ,  k ap to n  windows and m u l t iw ire  de­
t e c t o r s  were ta k e n  i n t o  account to  examine b o th  the momentum and a n g u la r  
ac c e p ta n c e s  o f  th e  sy stem . The r e s u l t s  of th e s e  i n v e s t i g a t i o n s  a re  not 
g e n e r a l ly  used  i n  d a ta  a n a l y s i s ,  b u t  so f tw a re  cu ts  w i l l  be a p p l ie d  on 
th e  two c o o rd in a te s  o f  X0 and V0 based  on such r e s u l t s ,  so t h a t  on ly  
d a ta  from t h a t  range o f  X0 and Y0 over which the  th e  s p e c t ro m e tr  accep­
tan ce  i s  f l a t ,  a re  k e p t .  The summary of p a ra m e te rs  f o r  the  SAC c o n f ig u ­
r a t i o n  (from r e f .  34) and th e  p r e s e n t  experim en t a r e  t a b u la t e d  i n  t a b le
4 . 9 .  The v a lu e s  g iven  i n  r e f .  34 a re  f o r  accep tance  w id th  d e f in e d  as 
th e  f u l l  w id th  a t  h a l f  maximum a c c e p ta n c e .
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TABLE 4 .9  
S p ec tro m e te r  A ccep tances
SAC(ref. 34) SAC(software c u t)
A0j(mr) 28 .00 29.70*
A9S(mr) 52.00 33.00
A8S(msr) 1 .46 0 .99
Ap3 ±0 .15 - 0 .1 0  to  0 .1 2
* see s e c t i o n  5 .3  f o r  j u s t i f i c a t i o n
where A0a and A93 a r e  the  v e r t i c a l  (bend p la n e )  and h o r i z o n t a l  (non-bend 
p lane)  a n g u la r  a c c e p ta n c e s  o f  the  s p e c t ro m e te r ,  r e s p e c t i v e l y .  I n  t a b l e
4 .9 ,  t h e  s o l i d  a n g le  acc ep tan c e  of th e  s p e c t ro m e te r ,  AQ3, i s  d e f in e d  as  
the  p ro d u c t  of th e  b en d -p la n e  and non-bend p la n e  a c c e p ta n c e s  and i s  th u s  
a s im ple r e c t a n g u l a r  a p e r t u r e .  Ap3 i s  th e  momentum a c c e p ta n c e  d e f in e d  as
( P j  -  p*)
Ap3 = + ---------------- (4 .26 )
Pa
58
4.6 PION DETECTION ARM
P ions  were d e t e c te d  on th e  r i g h t  hand s id e  (RHS) (see  f ig u r e  
4 .7 )  o f  the  beam w ith  an a r r a y  of f o u r t e e n  tw o -co u n te r  t e l e s c o p e s  a r ­
ran g ed  on to p  o f  a t a b l e .  These s c i n t i l l a t i o n  t e l e s c o p e s  were mounted 
be tw een  24 and 96° w ith  the  f i r s t  n in e  a t  i n t e r v a l s  o f  4° and th e  r e s t  
a t  i n t e r v a l s  o f  8 ° ,  w i th  a b s o lu te  a n g le s  su rveyed  c o r r e c t  t o  w i th in  
+0 .25° o r  +1/4  o f  an in c h .  In  each  o f  the  tw o -co u n te r  t e l e s c o p e s ,  th e  
f r o n t  d e t e c t o r  d e s ig n a te d  SRI was a .3175 cm t h i c k  p l a s t i c  o f  w id th  and 
h e i g h t  12.7X12.7 cm . The back  d e t e c t o r  i n  th e  p a i r ,  namely SR2, was a 
c y l i n d r i c a l  p l a s t i c  o f  7 .6 2  cm t h i c k n e s s ( d e p th  along th e  p a r t i c l e  p a th )  
w ith  a d ia m e te r  of 1 1 .4  cm. Pour o f  the  f i r s t  n in e  t e l e s c o p e s  were
o
above th e  s c a t t e r i n g  o r  beam p la n e  w h i le  th e  r e s t  were below by 4 .3  . 
They were s ta c k e d  one on to p  o f  a n o th e r  t o  g e t  a c l o s e r  p a c k in g ,  as  
shown i n  f i g u r e  4 .7  The rem ain ing  f i v e  were c o p la n a r  w i th  th e  s c a t t e r i n g  
p l a n e .  The d i s t a n c e  from t a r g e t  t o  th e  c e n t r e  o f  each p a i r  was 1 .75  m 
and th e  s o l id  ang le  o f  each t e le s c o p e  was d e f in e d  by SR2. The h o r iz o n ­
t a l  and v e r t i c a l  o i r c u l a r  a c c e p ta n c e s ;  (A04 , A04 ) o f  SR2 were 65.3  mr, 
each  su b ten d in g  a s o l i d  a n g le ,  (AQ4 ) o f  4 .27  m sr.
A l i g h t  e m i t t in g  d iode  b u r ie d  i n  th e  l i g h t  gu ide  of b o th  SRI 
and SR2 was t r i g g e r e d  a t  a r a t e  p r o p o r t i o n a l  to  the  beam i n t e n s i t y  by a 
p u ls e  g e n e ra t in g  system . The h ig h  v o l t a g e s  o f  th e  p h o to tu b e s  o f  SR2 and 
SRI were a d ju s t e d  to  in s u r e  d e t e c t i o n  of p io n s  w ith  as  h ig h  a momentum 
as 300 MeV/c. P u lse  h e i g h t  y i e l d s  of th e s e  u n i t s  were a d j u s t e d  c o r r e ­
sponding  to  t h i s  h ig h e r  l i m i t  o f  p io n  momentum range t h a t  would be a l ­
lowed by th e  sy stem . D e te rm in a t io n  o f  t h i s  q u a n t i t y  was b ased  on a c a l ­
i b r a t i o n  o b ta in e d  as a r a t i o  o f  energy  t h a t  would be d e p o s i t e d  by p io n s
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t o  th e  e l e c t r o n  ene rgy  of a co n v e rs io n  e l e c t r o n  so u rc e .  The p u ls e  
h e i g h t  i n  SR2 was p r o p o r t i o n a l  to  th e  energy  l o s s ,  dE/dX o f  th e  p a r t i ­
c l e ,  h u t  th e  7 .6 2  cm th i c k n e s s  was n o t  s u f f i c i e n t  to  s to p  th e  p io n s .
The RHS d e t e c t o r s  r e g i s t e r e d  p a r t i c l e s  acco rd ing  t o  th e  c o in c i ­
dence re q u ire m e n t  i n  th e  r e s p e c t iv e  s ig n a l s  o f  th e se  two c o u n te r s  d i s ­
cussed  i n  s e c t i o n  ( 4 . 7 . 2 ) .  The TOP o f  th e  p a r t i c l e  i n  th e  RHS was de­
te rm in ed  w i th  a s t a r t  t r i g g e r  from SL1 o f  the  MRS s id e  and a s to p  from 
SR2 on th e  p io n  s i d e .  A c o r r e c t i o n  was made o f f - l i n e  f o r  th e  de layed  
s t a r t  by s u b t r a c t in g  th e  tim e n e c e s s a ry  f o r  th e  MRS s id e  p a r t i c l e  to  
t r a v e l  from th e  t a r g e t  to  SL1.
4 .7  ELECTRONIC LOGIC TRIGGER
The p re se n c e  of a p a r t i c l e  i n  e i t h e r  th e  LHS, th e  RHS or b o th  
was in d i c a t e d  by s ig n a l s  d e r iv e d  from them. A c o in c id e n t  ev en t was th u s  
d e te rm in ed  between a s ig n a l  from SL1 and any one of th e  p io n  t e le s c o p e s  
(SRI and SR2) as  r e q u i r e d  by th e  l o g i c  i n  th e  e l e c t r o n i c  c i r c u i t r y  o f  
b o th  s i d e s .  The c i r c u i t r y  in c o rp o ra te d  s u i t a b l e  d i s c r i m i n a t o r s ,  l o g ic  
u n i t s ,  and s c a l e r s .  A d e s c r i p t i o n  o f  how s ig n a l s  from b o th  s id e s  are  
d e r iv e d  i s  found i n  th e  fo l lo w in g  two s u b - s e c t i o n s .
4 ,7 .1  MRS ELECTRONICS
The MRS s id e  e l e c t r o n i c s  was s e t  to  o p e ra te  i n  th e  co in c id en c e  
mode l o g i c  c o n f ig u r a t io n  (see  r e f .  35 f o r  l o g i c  diagram  and d e s c r ip ­
t i o n )  . The b a s ic  ev e n t  t r i g g e r  c o n s i s t s  of a c o in c id en c e  betw een th e  
bottom  SL1 c o u n te r  and one of th e  two f o c a l  p la n e  s c i n t i l l a t o r s  (SL2). 
The f a s t  s i g n a l s  from the  two ends of each  of th e  two long s c i n t i l l a t o r s
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t h a t  com prise SL2 a re  combined w ith  624 'mean t im e '  d i s c r i m i n a t o r s  to  
make a n a r ro v  p u ls e  which e s t a b l i s h e s  th e  t im ing  o f  the  m a s te r  g a t e ,  and 
i n  e f f e c t  s t a r t s  the  T im e - to - D ig i ta l  C o n v e r te rs  (TD C)'s. The s ig n a l  from 
th e  bottom  c o u n te r  SL1 i s  f e d  i n t o  a programmable 621P d i s c r i m in a t o r  
w i th  a d j u s t a b l e  t h r e s h o l d  and w id th .  The complementary o u tp u t  s t a r t s  an­
o th e r  621P w i th  a d j u s t a b l e  w id th .  The com bina tion  o f  th e s e  two w id th s  
c r e a t e s  a t im in g  window w i th  a d j u s t a b l e  p o s i t i o n  and w id th .  T h is  window 
i s  used to  s e l e c t  p a r t i c l e s  r e a c h in g  SL2 w ith  the  d e s i r e d  t i m e - o f -  
f l i g h t ,  and th e n  p ro v id e s  a h a rd -w are  TOF window f o r  s e l e c t i n g  p a r t i ­
c l e s .  L in e a r  o u tp u t s  from th e  fo u r  SL2 p h o to tu b e s  a r e  added to g e th e r  
and fed  i n t o  two 6 2 1 P 's  w i th  a d j u s t a b l e  th r e s h o ld  t o  use f o r  s e l e c t in g  
e v e n t s  w i th  th e  d e s i r e d  p u ls e  h e i g h t  i n  th e s e  t h i c k  s c i n t i l l a t o r s .  A ll  
th e  above modules a re  programmable and a d ju s t e d  by i s s u in g  computer com­
mands .
As th e  two s c i n t i l l a t o r s  i n  SL2 have l i g h t - e m i t t i n g - d i o d e s  
(LED) b u r i e d  i n  t h e i r  l i g h t  g u id e ,  th e  SIRS l o g i c  in c lu d e d  a p r o v i s io n  to  
g e n e ra te  p seu d o -  or p u l s e r  e v e n ts  e l e c t r o n i c a l l y .  When th e  system  i s  
ta k in g  d a t a ,  t h e s e  e v e n ts  a r e  g e n e ra te d  i n  random c o in c id e n c e  betw een a 
p u ls e  g e n e r a to r  and th e  p o la r im e te r  d e s c r ib e d  i n  s e c t i o n  ( 4 . 3 ) .  T h is  in ­
s u r e s  t h a t  th e  p u l s e r  e v e n t s  come w i th in  th e  beam b u r s t s  and t h a t  t h e i r  
occurence  i s  p r o p o r t i o n a l  t o  beam i n t e n s i t y .  The p u l s e r  e v e n ts  a re  used 
t o  measure th e  s y s te m 's  dead o r  l i v e  time d u r in g  d a ta  t a k i n g .  The l i v e  
tim e  f r a c t i o n  i s  computed as  th e  r a t i o  o f  th e  number of e v e n ts  re c o rd e d  
on t a p e , i . e .  th e  number o f  p u l s e r  b i t  p a t t e r n  s e t ,  to  th e  number of p u l ­




The c o n t r o l  l o g i c  o f  th e  RHS i s  shown i n  f i g u r e  4 .1 2 .  The lo g ­
ic  r e q u i r e d  f o r  an ev e n t  i n  th e  RHS was a r e a l  c o in c id e n c e  between s i g ­
n a l s  from SRI and SR2 in  any o f  the  14 p io n  t e l e s c o p e s .  T h is  m arr iag e  
r e s u l t e d  i n  an o u tp u t  o f  'AND' c o n d i t io n  denoted  (SR1.SR2). Two o f th e  
SR1.SR2 s ig n a l s  tim ed w i th  r e s p e c t  to  SL1 were s e n t  to  two l o g i c a l  'AND' 
m odules; (1) f o r  c o in c id e n c e  w i th  SL1 and (2) f o r  d e lay ed  c o in c id e n c e  
w ith  SL1. The d e la y  was 172 n s ,  th e  i n t e r v a l  f o r  f o u r  beam b u r s t s  (each  
of w hich i s  43 n s ) . I n  each case  SL1 p roduced  a 100 ns g a te  i n  which to  
d e t e c t  an  even t on th e  RHS. C o inc idences  in  (1) and (2) were termed 
' r e a l '  and 'random ' e v e n t s ,  r e s p e c t i v e l y ,  w ith  th e  l a t t e r  one c o r re ­
sponding to  p a r t i c l e s  n o t  o r i g i n a t i n g  from the  same beam b u r s t .  Events  
from c o n d i t io n  (2) were t h e r e f o r e  used t o  remove th e  'random ' ev en ts  
from (1) to  g e t  th e  t r u e  ' r e a l '  e v e n t s .  One o u tp u t  from (1) and one from 
(2) were fed  i n t o  a LECROY 4 - f o l d  dual m a jo r i t y  l o g i c  u n i t  s e t  i n  'o n e -  
o u t - o f - f o u r '  mode. An o u tp u t  ta k e n  from t h i s  u n i t  and  pu t b ack  i n t o  i t  
p ro v id e d  a ' l a t c h '  mode. T h is  l a t c h in g  mode was m a in ta in e d  f o r  a p e r io d  
of 0 .6  |xs, th e  tim e needed f o r  th e  computer to  a c q u i r e  a 'g o o d '  e v e n t .  
At th e  end of t h i s  engagement, a computer 'e n d -o f -b u sy *  s i g n a l  from th e  
HRS s id e  a r r iv e d  r e s e t t i n g  th e  e n t i r e  sy stem . However, th e  system was 
r e s e t  much f a s t e r  i n  th e  case when th e re  was no good e v e n t ,  A ' s t a r t '  
p u lse  f o r  the  TDC's and a ' g a t e '  p u lse  f o r  the  ADC's was t r i g g e r e d  by 















F ig u re  4 .1 2 :  Schem atic o f  RHS Logic
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4 .8  DATA ACQUISITION TECHNIQUE AND ON-LINE PROCESSING
A ll  in f o r m a t io n s  were i n t e r f a c e d  t o  a HONEYWELL H316 computer 
v i a  TRIUMF-designed CAMAC-CAMAC communications m odu les .  A CAMAC i s  a 
d e v ic e  which may have any number of ADCs (Analog—t o —D i g i t a l  C o n v e r t e r s ) ,  
TDCs ( T im e - to - D ig i ta l  C o n v e r te r s )  and S c a l e r  modules mounted in  s l o t s  of 
a number of c r a t e s ,  fo u r  i n  th e  p r e s e n t  ex p e r im e n t .  The c o n f ig u r a t i o n  
o f  CAMAC i n t e r f a c e  i s  th e n  e n t i r e l y  s p e c i f i e d  by a l i s t  o f  what type  of 
module i s  e x p e c te d  i n  each  s l o t  of each CAMAC c r a t e  and a l i s t  of how 
many p a ra m e te rs  w i l l  be a c q u i r e d  from each  CAMAC m odule. Such a s p e c i f i ­
c a t i o n  i s  done by  g iv in g  an a d d re s s  to  each  m odule.
The t im in g  (TDC) and p u l s e - h e i g h t  (ADC) s i g n a l s  from t h e i r  r e ­
s p e c t iv e  modules g e n e ra te  i n t e r r u p t s  to  t h e  computer th ro u g h  th e  i n t e r ­
f a c in g  scheme and  supp ly  t h e i r  a d d re s s .  These i n t e r r u p t s  have  a s ta n d a rd  
name c a l l e d  LAM, an acronym f o r  ' Look-At-Me' . When any one o f  th e  mod­
u l e s  p roduces  a LAM, i . e .  when a charged  p a r t i c l e  i s  d e t e c t e d  w i th  e i ­
t h e r  RHS o r  MRS, th e  com puter i s  th e n  s e t  to  r e a d  d a ta  i n t o  an in p u t  
b u f f e r  by i s s u in g  a command t o  th e  system  which cau ses  th e  i n t e r r u p t i n g  
d ev ic e  to  g a te  i t s  d a ta  on to  th e  i n t e r f a c e  where i t  can be r e a d .  As a 
r e s u l t  o f  t h i s  p ro c e s s  th e  h i s t o r y  of an  even t i n  an in p u t  d a ta  b u f f e r  
i s  t e m p o r a r i l y  p r e s e r v e d  i n  th e  form o f  a s e t  o f  p a r a m e te r s ,  l i k e  
p u l s e - h e i g h t s ,  t im in g  and a d d re s s e s  o f  w i r e s  h i t  t h a t  d e f in e  a t r a j e c t o ­
ry  from one o r  more d e t e c t o r s .  Since an  i n t e r u p t i o n  in  th e  d a ta  a c q u i ­
s i t i o n  i s  e s s e n t i a l  w h ile  t h i s  p ro c e s s  i s  ta k in g  p l a c e ,  th e  l a t c h in g  
mechanism d e s c r ib e d  i n  s e c t i o n  (4 .7 .2 )  i n h i b i t s  any f u r t h e r  ga te  from 
b e in g  produced  and p r e s e n te d  to  any o f  th e  modules i n  th e  CAMAC and
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t h e r e f o r e  no f u r t h e r  d a ta  a re  p r e s e n te d  t o  th e  com puter. A f te r  an even t 
had  been  r e c o rd e d  i n  th e  in p u t  b u f f e r ,  th e  system  was r e s e t  t o  a l low  f o r  
th e  a c q u i s i t i o n  of th e  n e x t  e v e n t .  T h is  c o n t in u e d  u n t i l  th e  in p u t  d a ta  
b u f f e r  was f u l l ,  a t  which p o in t  d a ta  were t r a n s f e r r e d  t o  an o u tp u t  b u f f ­
e r .  Data w ere read  and w r i t t e n  on m agne tic  ta p e  o r  p r e s e rv e d  i n  memory 
by th e  d a ta  a c q u i s i t i o n  program o a l l e d  DAC (Data A c q u i s i t i o n  on H316 
Computer)
The second f u n c t i o n  o f  DAC, as  n o te d  p r e v io u s l y ,  was to  s to r e  
s e l e c t e d  e v e n t  p a ra m e te rs  i n  memory in  th e  form o f  s p e c t r a .  T h is  capa­
b i l i t y  en a b le d  o n - l i n e  p ro c e s s in g  t o  m o n i to r  th e  experim en t by look ing  
a t  1 -d im e n s io n a l  and 2 -d im e n s io n a l  s p e c t r a  o f  r e l e v a n t  ev en t p a ra m e te rs  
t h a t  were formed as a r e s u l t  o f  p e rfo rm in g  v a r io u s  s o f t  ware t e s t s  on 
each  e v e n t .  The r o u t i n e  t e s t  c a l l e d  ' o p e r a t i o n  s e q u en ce ' , ^  was based  
on a s e r i e s  o f  g a te s  r e q u i r i n g  c a l c u l a t e d  v a lu e s  o f  even t p a ra m e te rs  to  
have s p e c i f i e d  r e s u l t s  ( e i t h e r  t r u e  o r  f a l s e )  and th u s  e v e n ts  were 
s to r e d  i n  t h e  v a r io u s  s p e c t r a  a c c o r d in g ly .  T y p ic a l  s p e c t r a  formed were 
X0 v s  Y0 , TOP v s  p u l s e - h e i g h t  o f  th e  MRS s i d e ,  X£C vs  TOF o f  th e  RHS, 
e t c . .
As d e s c r ib e d  p r e v i o u s l y ,  th e  d a ta  w r i t t e n  on m agne tic  ta p e  i s  a 
sequence o f  m u l t i - p a ra m e te r  d e s c r i p t o r s  f o r  each even t a c q u i r e d .  The 
l a r g e s t  u n i t  o f  logged d a ta  on a r e e l  o f  ta p e  i s  a ' f i l e ' .  The s t r u c ­
t u r e  o f  th e  logged  d a ta  f i l e  i s  a s  fo l lo w s :  th e  f i r s t  b lo c k  i n  th e  f i l e  
( th e  h ea d e r  b lo c k )  c o n ta in s  d e s c r i p t o r s  which g ive  th e  s t a t u s  o f  th e  
com puter and th e  CAMAC i n t e r f a c e  a t  th e  tim e a c q u i s i t i o n  was i n i t i a t e d  
i n t o  th e  f i l e .  Then fo l lo w s  any number of b lo c k s  o f  logged  e v e n t - b y - e -  
v e n t  d a t a .  The l a s t  b lo c k  o f  the  f i l e  ( th e  t r a i l e r  b lo c k )  c o n ta in s  the
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com puter and CAMAC i n t e r f a c e  s t a t u s  a t  th e  end o f  an a c q u i s i t i o n  ru n  and 
a l i n e  o f  t e x t  from th e  t e l e t y p e  d e s c r ib in g  th e  ex p e r im e n ta l  ru n .  The 
p h y s ic a l  end o f  th e  f i l e  i s  in d i c a t e d  by a s p e c ia l  End Of F i l e  (EOF) 
mark w r i t t e n  on th e  t a p e .
A l l  b lo c k s ,  in c lu d in g  th e  h e a d e r  and th e  t r a i l e r  b lo c k s ,  have 
th e  same l e n g t h ,  512 1 6 - b i t  d a ta  words p rece d ed  by 4 f ix e d - fo rm a t  
I n p u t /O u tp u t  c o n t r o l  w ords .  The c o n t ro l  words a l low  th e  ta p e s  to  be re a d  
by any s ta n d a rd  IBM F o r t r a n  program u s in g  th e  u n fo rm a t ted  ' r e a d '  s t a t e ­
ment .
Each even t r e c o r d  i n  a g iven  d a ta  b lo c k  was 96 p lu s  any number 
o f  w i r e - h i t  a d d r e s s e s .  Table 4 .1 0  i l l u s t r a t e s  th e  c o n f i g u r a t i o n  of an 
ev e n t  r e c o r d .
TABLE 4 .1 0  
Event Record  C o n f ig u ra t io n
Word #  Meaning
0 -  ( l e n g th  o f  ev en t r e c o rd )
1 f l a g
2 LAMs
3 B i t  P a t t e r n  U n it
4 to  11 TDCs
12 to  19 ADCs
20 to  31 s c a l e r s
32 to  33 B i t  P a t t e r n  U n it
34 B i t  P a t t e r n  U n it
35 to  70 ADCs
71 to  86 TDCs
87 to  94 s c a l e r s
95 #  o f  w i r e s  h i t  + 1
96>. W ire - h i t  A d resses  ( i n  w ire  number)
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As n o te d  i n  t a b l e  4 .1 0  th e  96^  word i s  th e  f i r s t  word o f  MWPC 
in fo rm a t io n  and g iv e s  a 'coun t*  of how many w ire s  were h i t  p in s  1 .  T h is  
connt in c lu d e s  a l l  th e  s ix  p la n e s  o f  the  t h r e e  s e t s  o f  MWPCs (see  Table 
4 . 6 ) .  Thus th e  r e c o r d  i n  words f o r  a g iv e n  even t i s  96 p lu s  a s  many 
w ire s  as  t h e r e  were h i t  and t h i s  in f o r m a t io n  comes as th e  f i r s t  word in  
each ev en t r e c o r d .  The o n ly  f ix e d  l o c a t i o n  i n  a f i l e  i s  th e  f i r s t  word 
o f  th e  f i r s t  d a ta  r e c o r d .  T h is  word i s  th e  n e g a t iv e  o f  th e  'word 
c o u n t ' ,  (see  t a b l e  4 .1 0 )  o f  t h a t  f i r s t  ev e n t  r e c o rd  and in c lu d e s  th e  
'word c o u n t '  word. S ince ev e n t  r e c o r d s  g e n e r a l ly  have d i f f e r e n t  l e n g th s ,  
th e y  do not b e g in  a t  a f ix e d  l o c a t i o n  i n  th e  b lo c k .  Hence th e  word 
count must be used t o  lo c a t e  th e  b e g in in g  o f  the  n e x t  e v e n t .
Data were c o l l e c t e d  a c c o rd in g  to  th e  p la n  i n  t a b l e  4 .3  and r e ­
corded on 61 m agnetic  t a p e s  in v o lv in g  72 e x p e r im e n ta l  r u n s .
C hapter  V 
DATA ANALYSIS
5 .1  INTRODUCTION
The o f f - l i n e  a n a l y s i s  o f  d a ta  was h an d led  w i th  th e  IBM-370/158 
computer a t  th e  C ollege  o f  W illiam  and Mary. Data accum ula ted  f o r  a 
g iv e n  MRS c o n d i t io n  s p e c i f i e d  by (0s , p 3) in v o lv ed  more th an  one e x p e r i -  
m enta l ru n  w i th  b o th  CDa and C t a r g e t s  and, th e se  raw d a ta  were p r e ­
se rv ed  on more th a n  one m agnetic  tape  i n  most c a s e s .
The d a ta  a n a l y s i s  was done i n  two p a r t s ,  th e  second one of 
which was b roken  i n t o  two s t e p s .  The advan tage  of h a n d l in g  an a n a l y s i s  
o f  such magnitude i n  p a r t s  i s  a g r e a t  sav ing  o f  computer tim e s in c e  one 
in  e f f e c t  a v o id s  s t a r t i n g  from th e  raw d a ta  i n  the  subsequen t s t a g e s .  
In  p a r t  one, a s tu d y  of th e  raw d a ta  was r e q u i r e d  to  e s t a b l i s h  a c r i ­
t e r i o n  to  reduce  th e  MWPC in fo rm a t io n .  I n  t h i s  f i r s t  p a r t  a l s o ,  TOF and 
p u l s e - h e i g h t  k in e m a t ic  in fo rm a t io n s  were i n v e s t i g a t e d  to  de te rm ine  the  
e x te n t  to  which th e y  cou ld  be used  in  t h i s  a n a l y s i s .  The d e te rm in a t io n  
of th e s e  p a ra m e te rs  was r e q u i r e d  fo r  each k in e m a t ic  c o n d i t io n  i n  
(® s,P 3 ) .  In  s t e p  one of th e  second p a r t  the  c a l c u l a t i o n  o f  the  c ro s s  
s e c t i o n  and o f  a few i n t e r e s t i n g  k in e m a t i c a l  p a ra m e te rs  f o r  s to r a g e  i n  a 
m a tr ix  form on a secondary  ta p e  f o r  ru n s  b o th  w i th  CDa and C12 were p e r ­
form ed. In  th e  second s te p  o f  t h i s  p a r t ,  d i f f e r e n t  ru n s  of same (0 3 ,p j )  
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in  CDa o r  C were a p p r o p r i a t e l y  combined acc o rd in g  t o  run  c h a r a c t e r i s ­
t i c s  based  on th e  reduced  d a ta  from th e  secondary  t a p e .  Once the  l a t t e r
- 67 -
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p ro c e s s  was perfo rm ed , th e  carbon  background was s u b t r a c t e d  from CDa 
c ro s s  s e c t i o n  so t h a t  one i n  e f f e c t  would have  a r e s u l t  f o r  th e
2 . j .
H(p,djt )n  p a r t .  A f te r  hav ing  e x t r a c t e d  th e  m easured c ro s s  s e c t i o n ,  
th e  r e c o i l  momentum d i s t r i b u t i o n  w i t h i n  th e  P lane  Wave Impulse 
A pproxim ation  (PWIA) i s  c a l c u l a t e d ;  t h i s  momentum d i s t r i b u t i o n  i s  t o  be 
a s s o c i a t e d  w i th  t h e  d i s t r i b u t i o n  of a s i n g l e  n u c le o n  i n  th e  d e u te ro n  be­
f o r e  c o l l i s i o n .
5 .2  EVENT IDENTIFICATION
The d a ta  was an a ly z e d  on an e v e n t -b y -e v e n t  b a s i s  and t h r e e  
ty p e s  o f  e v e n ts  d en o ted  as  ' r e a l ' ,  'random ' and ' p u l s e r '  were decoded. 
T h e 'p u l s e r '  e v e n ts  g a te d  by 'c o m p u te r - b u s y ' ,  as  d i s c u s s e d  i n  s e c t i o n  
4 . 8 ,  were i d e n t i f i e d  by in t e r o g a t i n g  th e  1 2 th  b i t  of word #3 and th e  Oth 
b i t  o f  word #32 o f  th e  e v e n t  r e c o rd  g iv e n  in  t a b l e  4 .1 0  f o r  th e  MRS and 
RHS, r e s p e c t i v e l y .  Each tim e th e se  e v e n t s  were i d e n t i f i e d ,  th ey  were 
coun ted  and d i s c a r d e d .  The r a t i o  of t h i s  count t o  t h a t  of th e  same 
' p u l s e r '  e v e n ts  o f  th e  f r e e  runn ing  m o n i to r  gave th e  s y s te m 's  l i v e - t i m e ,  
Lt , d u r in g  a g iv e n  e x p e r im e n ta l  ru n .  We may w r i t e  i t  a s ,
Ng
Lt  = - 2 -  (5 .1 )
N«8
where N and N a re  th e  g a te d  and u n g a ted  p u l s e r  e v e n t s ,  r e s p e c t i v e l y .O O
I t  was t y p i c a l l y  abou t 80% f o r  a l l  runs  and was used a s  a c o r r e c t i o n  
f a c t o r  to  de te rm ine  th e  t o t a l  number o f  good e v e n t s  t h a t  could  have been  
d e t e c te d  f o r  ze ro  d e a d - t im e .
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The e l e c t r o n i c  l o g i c  d id  n o t  have th e  p r o v i s io n  f o r  g iv in g  sep­
a r a t e  i d e n t i t y  to  th e  ' r e a l '  and 'random ' e v e n ts  by r e s o lv i n g  t h e i r  TOF 
and ta g g in g  them w i th  b i t  p a t t e r n  r e g i s t e r s .  T h e re fo re ,  you cou ld  never  
d i s t i n g u i s h  th e  above two ty p e s  o f  e v e n t s ,  and th e  p ro ced u re  e x p la in e d  
in  s e c t i o n  4 . 7 .2  had to  be employed to  produce a sample o f  pu re  'random ' 
e v e n t s ,  and s u b t r a c t  them. The a p p l i c a t i o n  o f  t h i s  i s  d i s c u s s e d  below .
N ex t,  th e  c o n te n t  of th e  chamber was examined. For an ev e n t  to  
have a n a ly z a b le  chamber in fo rm a t io n ,  co r re sp o n d in g  e v e n t—re c o rd s  had  to  
be a t  l e a s t  97 w ords, and e v e n ts  w i th  s h o r t e r  r e c o rd s  had to  be ig n o re d .  
An e s t im a te  o f  the  c o r r e c t i o n  r e q u i r e d  f o r  th e  l o s s  o f  th e s e  e v e n ts  i s  
g iven  l a t e r .  The MWPCs which c o n ta in e d  in fo rm a t io n  u s a b le  to  th e  p r e s ­
en t  experim en t were Xfc, X^, X0 , and Y0 . A lthough  a l l  e v e n t - r e c o r d  words 
c o r re sp o n d in g  t o  th e  MWPCs were decoded fo l lo w in g  th e  o rd e r  of t h e i r  
w ire-num ber c o o r d in a te s ,  g iv e n  in  t a b l e  4 .1 0 ,  th o se  o f  Yt  and Y^ were 
n o t  u s e d .  The number of w ire s  h i t  i n  any o f  th e  p la n e s  d e f in e d  by th e  
above fo u r  chambers ranged  from no h i t  to  any number o f  h i t s .  The mul­
t i p l e  t r a c k s  were th o se  l e f t  by 6 - r a y s  o r  th o se  due to  t r u l y  m u l t i - p a r ­
t i c l e  e v e n t s .  The 6 - r a y s  c o rre sp o n d  to  e v e n t s  c h a r a c t e r i z e d  by more th an  
one w i r e  f i r i n g  in  any g iv e n  p la n e  as  a consequence o f  th e  low energy  
e l e c t r o n s  io n iz in g  th e  medium of th e  HWPC and p roduc ing  c h a r a c t e r i s t i c  
p a t t e r n s  b ran ch in g  o f f  th e  main t r a j e c t o r y .  T h e re fo re ,  a scheme o f  c r i ­
t e r i a  was e s s e n t i a l  to  sa lv ag e  as  many o f  th e s e  e v en ts  as  p o s s i b l e .  The 
p ro c e d u re  was based  on th e  number of w ire s  h i t  q u a l i f i e d  by a d i s ta n c e  
betw een th e  extreme w ire s  h i t .  The l i m i t s  on th e s e  two c r i t e r i a  were 
e s t a b l i s h e d  by s e p a r a t e ly  s tu d y in g  th e  chamber in fo rm a t io n .  I t  was de­
c id e d  t h a t  e v e n ts  c h a r a c t e r i z e d  by 5 o r  l e s s  w ire s  h i t  i n  a g iv e n  p lan e
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a re  a l lo w a b le  w i th  th e  maximum d i s t a n c e  be tw een  th e  two extrem e w ire s  
b e in g  0 .6  cm f o r  two w ire s  and 1.2cm f o r  5 w i r e s .  M u l t ip le  t r a c k  ev en ts  
s a t i s f y i n g  th e s e  c r i t e r i a  were th e n  c o n se q u e n t ly  t r e a t e d  a s  s i n g l e  t r a c k  
e v e n ts  by  r e p la c in g  t h e i r  w ire  c o o r d in a te s  w i th  a s in g le  c o o rd in a te  o f  
th e  f i r s t  w ire  h i t ,  p lu s  h a l f  o f  th e  d i s t a n c e  between th e  extrem e w i r e s .  
An example of a h i s t o r y  o f  m u l t ip l e  t r a c k  e v e n ts  i n  i n d i v i d u a l  p la n e s  
f o r  a t y p i c a l  run  (#56) a t  ©,=11° and p ,  = 979 MeV/c i s  g iv e n  in  t a b l e  
5 . 1 .  Run (#56) i s  used  th ro u g h  ou t  t h i s  c h a p te r  to  h i g h l i g h t  th e  d i f ­
f e r e n t  s t a g e s  o f  the  a n a l y s i s .
TABLE 5 .1
M u l t i p l e - t r a c k  e v e n ts  t r i e d  f o r  r e c o n s t r u c t i o n  ou t o f  62012 t o t a l  e v e n ts
run  #56 0 3 =11° p ,=979 Mev/c
cause of r e j e c t i o n
saved d is ta n c e m u l t i p l i c i t y
x t 7239 1609 7 96
xb 7823 1559 738
Xo 7437 4143 825
Yo 6804 5458 1070
A d i s t r i b u t i o n  of e v e n ts  i n  th e  Xt  and X  ^ p la n e s  i s  t a b u la t e d  i n  a ma­
t r i x  form in  t a b l e  5 .2  f o r  th e  same ru n  as  i n  t a b l e  5 . 1 .  The same i s  
g iv e n  f o r  X0 and Y0 i n  t a b l e  5 . 3 .  The d e f i n i t i o n  o f  rows and columns in  
t a b l e s  5 .2  and 5.3 i s  in  t h e  o rd e r  o f  n o - h i t ,  s in g le  h i t  and m u l t ip l e  
h i t s  and th e  e lem en ts  of th e  m a tr ix  g iv e  th e  c o r r e l a t i o n  in  th e  r e s p e c ­
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t i v e  p l a n e s .  The e lem ent (1 ,1 )  of t a b l e  5 .2  and 5 .3  co rresp o n d  to  s in ­
g le  h i t s  i n  b o th  p la n e s  of th e  r e s p e c t iv e  m a tr ix  and in c lu d e  those  
e v en ts  t h a t  were saved .
TABLE 5 .2
D i s t r i b u t i o n of e v e n ts  in  (Xt , X^) : F oca l o r  Bend-plane
Run #56 e 3 = l l °  pi= 979 Mev/c
T o ta l number o f  even ts-62012
Xt 0 1 12
Xb
0 11 2 0
1 56 57483 1793
12 13 1847 807
TABLE 5 .3
D i s t r i b u t i o n  o f  e v e n ts  in  (X0 , Y0) : Non-bend p lane
Run #56 S3= l l °  p ,=979 Mev/c 
T o ta l  number of e v en ts  = 62012
x„ 0 1 12
*0
0 217 1060 170
1 805 51233 990
>2 144 2258 5135
In  t a b l e s  5 .4  and 5 .5  we g iv e  th e  d e t a i l e d  h i s t o r y  o f  th e  (1 ,1 )  
elem ent i n  th e  above two m a t r i c e s .  The e l e m e n t ( l , l )  in  t a b l e s  5 .4  and
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5 .5  c o r re sp o n d  to  th e  t r u e  s in g le  t r a c k  e v e n t s  in  t h e i r  r e s p e c t iv e  
p l a n e s .
TABLE 5 .4  
M u l t i p l i c i t y  c o r r e l a t i o n  i n  (X^, X^)
ru n  #56 0 ,=11° p s=979 Mev/c
T o ta l  number o f  e v e n ts  = 57483
x t 1 2 3 4 5
x b
1 44021 5289 714 328 156
2 4853 721 85 39 10
3 656 93 17 3 0
4 299 35 6 1 1
5 134 20 0 1 1
TABLE 5 .5  
M u l t i p l i c i t y  c o r r e l a t i o n  in  (X0 , Y0)
ru n  #56 S j = l l °  p 3=979 Mev/c 
T o ta l  number of e v e n ts  = 51233
Xo 1 2 3 4 5
Yo
1 40447 3760 555 235 126
2 4054 538 136 62 23
3 572 136 55 30 11
4 257 49 23 13 2
5 108 20 11 6 4
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Note t l ia t  t h e  e lem ent (1 ,1 )  in  e i t h e r  t a b l e s  5 .2  and  5.3 o r  5 .4  
and 5 .5  do n o t  compare. The re a s o n  f o r  t h i s  d is c re p a n c y  i s  t h a t  t h e r e  
i s  no o n e - to -o n e  co r resp o n d en ce  of an even t s t r i k i n g  the  same number of 
w ire s  i n  (X^, X^) a s  i n  (X0 , Y0)» i . e .  f o r  example s in g le  e v e n t s  e i t h e r  
t r n e  o r  th o s e  saved ns ing  t h e  p ro ced u re  d e s c r ib e d  above do n o t  always 
p ro p a g a te  as  s in g le  t r a c k  e v e n t s  from one s e t  of chambers t o  the  n e x t .  
T h e re fo re ,  th e  ' s i n g l e '  e v e n t  req u ire m en t  f o r  the  MRS has b e e n  d e f in e d  
by demanding ' s i n g l e '  event i n  Xt ,Xb , X0 , and Y0 , The c o r r e l a t e d  d i s ­
t r i b u t i o n  o f  even ts  i n  the  above two s e t s  o f  p la n e s  i s  shown in  t a b l e
5 .6  f o r  aH<p,dii+)n  e v e n t s .
TABLE 5 .6
D i s t r i b u t i o n  of e v e n ts  i n  (Xt> X^) and (X0 » Y0)
Run #56 0 B=11° p ,=979 Mev/c
T o ta l  number o f  e v e n ts  = 51077
<Xt ,Xb ) 0 1 2 3 4
;0 -Yo)
0 3 1649 53 49 15
i 46 40772 1248 1325 454
2 1 1554 60 42 20
3 1 655 17 18 18
4 2 2742 96 101 136
At t h i s  p o i n t ,  the ev e n t  i d e n t i t y  i n  the  RHS was d e te rm in e d .  
The b i t s  i n  th e  words 32, 33 and 34 o f  the ev en t r e c o r d  co rrespond ing  t o  
SRI and SR2 o f  the 1 4 -p io n  t e l e s c o p e s  were i n t e r r o g a t e d .  As t h e  r e s u l t  
of t h i s  i n t e r r o g a t i o n ,  one o r  s e v e r a l  p io n - t e l e s c o p e s  were fo u n d  to  h av e
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g e n e ra te d  s i g n a l s .  S ince  th e  14 p ic m - te le s c o p e s  cou ld  f i r e  i n  any com­
b i n a t i o n ,  o n ly  th o se  e v e n t s  hav ing  b i t s  s e t  f o r  a s i n g l e  p a i r  o f  SRI and 
SR2 were c o n s id e r e d .  T h is  c o n d i t io n  deno ted  as  (SR1.SR2) d e f in e d  the  
' s i n g l e '  e v e n t  re q u ire m e n t  f o r  the RHS. Those n o t  c o n s id e re d  were 
coun ted  but n o t  f u r t h e r  r e c o n s t r u c t e d .  The re a s o n s  f o r  ig n o r in g  t h i s  
type  o f  e v e n ts  a re
1) SRI a n d /o r  SR2: n o t  hav ing  b i t  r e g i s t e r e d  f o r  i n t e r m i t t e n t
m a lfu n c t io n in g  o f  th e  b i t  p a t t e r n ,
2) SRI a n d /o r  SR2: m u l t i p l e  f i r i n g  in  any co m b in a tio n .
At any  r a t e ,  th e y  accoun ted  f o r  a sm all p e rc e n ta g e  of th e  t o t a l  number 
of e v e n ts  and a r e  g iv e n  as c o n d i t io n  (3) in  t a b l e  5 .7 .
TABLE 5 .7
A l i s t  of c o n d i t i o n s  f o r  w hich e v en ts  were r e j e c t e d
Run #56 e 3= l l °  p 3=979 Mev/c 
T o ta l  number o f  r e j e c t e d  e v e n ts  « 10935
count %
1) p u l s e r  e v e n ts  
g a te d  by th e
system s d ead - t im e  1649 2 .6
2) e v e n t - r e c o r d  l e s s
th a n  97 words 26 .04
3) SRI a n d /o r  SR2 f o r  
th e  two re a s o n s
l i s t e d  p r e v io u s l y  4420 6 .9
4) RHTOF r e j e c t i o n  3238 5 .1
5) TOF and (dE/dx) o f
th e  MRS 3251 5.11
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Once th e  MRS and RHS s a t i s f i e d  th e  d e f i n i t i o n  o f  ' s i n g l e '  even t 
r e q u i r e m e n t ,  th e  momentum f o r  th e  p a r t i c l e  on th e  MRS s id e  was c a l c u l a t ­
ed  from e q u a t io n s  (4 .1 9 )  and (4 .2 4 )  u s in g  X^ . and X^. The co rre sp o n d in g  
p o l a r  and az im u th a l  l a b o r a to r y  a n g le s  were c a l c u l a t e d ,  w i th  th e  ang le  o f  
th e  c e n t r a l  r a y  d e f in e d  by (5 3 , 0 3) o f  th e  s p e c tro m e te r  s e t t i n g  f o r  t h a t  
r u n ,  from
.2




0$ = (0 3=O) ±  -----  X (5 .3 )
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where .2  and 175 a re  th e  w ire  spac ing  and th e  d i s t a n c e  betw een th e  t a r ­
g e t  the  c e n t r e  o f  th e  p la n e s  o f  X0 and Y0 chambers i n  cm, r e s p e c t i v e l y .
Y and X d e f in e  th e  h o r i z o n t a l  and v e r t i c a l  c o o r d in a te s ,  r e s p e c t i v e l y  of 
th e  p o in t  a t  which th e  p a r t i c l e  e n te re d  th e  s p e c t ro m e te r .  (See f ig u r e  
4 .1 0  f o r  th e  c o o rd in a te  system  u s e d .)
R e c a l l  t h a t ,  th e  ' r e a l *  and 'random ' e v e n ts  a r e  n o t  s e p a ra te d  
as  y e t .  As d e s c r ib e d  i n  s e c t i o n  ( 4 .7 .2 )  th e  'random ' e v e n ts  o r i g i n a t e  
from th e  second beam b u r s t  and th e  c e n t r o id  o f  the  two ty p e s  o f  e v e n ts  
i s  s e p a ra te d  by th e  m a c r o s t r u c tu r e  of th e  beam, 43 n s .  These 'random ' 
e v e n ts  p ro v id e  a sample s i m i l a r  i n  c o n f ig u r a t i o n  and equa l i n  number to  
th o s e  u n c o r r e l a t e d  e v e n t s  mixed in  th e  ' r e a l '  sample o f  e v e n t s .  Hence, 
t o  remove t h i s  c o n ta m in a t io n  and th u s  o b t a in  a t r u l y  ' r e a l '  even t  sam­
p l e ,  the  TOP o f  th e  RHS, h e r e a f t e r  r e f e r e d  to  a s  RTOF was used t o  i s o ­
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F ig u re  5 .1 :  The RTOF spectrum  a f t e r  c u t s  a re  a p p l ie d
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I t  was e s s e n t i a l  to  de te rm ine  th e  l i m i t s  o f  th e  RTOF s e p a r a t e l y ,  p r i o r  
to  t h i s  s ta g e  of th e  a n a l y s i s .  As a r e s u l t  of such a s tu d y ,  a s e t  of 
RTOF s o f t - w a r e  window l i m i t s  f o r  th e  two ty p e s  o f  e v e n ts  was d e f in e d .  
The s o f t -w a re  c u ts  o b ta in e d  a r e ,  to  a sm all e x t e n t ,  p io n  d e t e c t o r  depen­
d e n t .  ( I t s  a p p l i c a t i o n  i s  d i s c u s s e d  f u r t h e r  in  th e  n e x t  s e c t i o n . )  The 
' r e a l '  and 'random 1 e v e n ts  were w e l l  s e p a ra te d  in  a l l  th e  c a s e s .
5 .3  REACTION IDENTIFICATION
The 'random ' e v e n ts  were m ain ly  ( p d ) , t y p e (6) o f  t a b l e  5 . 8 ,  and 
accoun ted  f o r  most o f  th e  p ro to n s  o bserved  on th e  RHS i n  samples con­
t a in in g  o n ly  d e u te ro n s  on th e  MRS. Because of th e  com plete  e l im in a t io n  
o f  th e  p ro to n s  a f t e r  'random ' s u b t r a c t i o n ,  based  on RTOF, see f i g u r e  
5 .1 ,  i t  was no t  n e c e s s a ry  to  app ly  c u ts  on the  p u l s e - h e i g h t  to  s e l e c t  
th e  p io n s .  F u r th e r ,  d e u te ro n  i d e n t i f i c a t i o n  was done on th e  MRS s id e  on 
th e  b a s i s  o f  TOF and dE/dX. D i s t r i b u t i o n s  were c r e a t e d  p r i o r  t o  th e  
a n a l y s i s  f o r  each k in e m a t ic  c o n d i t io n  i n  (@3 ,p 3) ,  and th e  l i m i t s  f o r  
s o f t -w a re  c u t s  i n  th e s e  two p a ra m e te rs  t o  i s o l a t e  th e  bunch t h a t  con­
t a in e d  th e  d e u te ro n  sample were d e te rm in e d .
An even t was th e n  s u b je c te d  to  th e  two s o f t -w a re  c u t s  above, 
and i f  th e  even t was a c c e p te d ,  th e n  th e  f l a g  f o r  RTOF was used  to  ta g  i t  
as e i t h e r  ' r e a l '  or ' r a n d o m '.  Table 5 .8  g iv e s  th e  v a r io u s  com binations  
o f  r e a c t i o n  p a r t i c l e s  t h a t  come under th e  two ty p e s  of e v e n ts  w i th  a 
d e u te ro n  s e l e c t e d  i n  th e  MRS.
F ollow ing  th e  a p p l i c a t i o n  o f  the  two s o f t -w a re  c u t s  on th e  MRS 
s id e ,  t h e  momentum and the  two a n g le s  o f  th e  MRS p a r t i c l e  a l re a d y  c a lc u ­
l a t e d  w ere s u b je c te d  t o  s o f t -w a re  c u t s  on ang le  and momentum matched to
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TABLE 5 .8
L i s t  of p o s s i b l e  r e a c t i o n s  t h a t  come under r e a l  and random even ts





* same beam -burst
** same beam -bu rs t  bu t  o r i g i n a t i n g  from d i f f e r e n t  r e a c t i o n s




the  a c c e p ta n c e s  g iv e n  i n  t a b l e  4 . 8 .  I f  the  ev e n t  p a s se d  a l l  r e j e c t i o n  
c r i t e r i a  th u s  f a r ,  th e n  a l l  th e  i n t e r e s t i n g  k in e m a t i c a l  v a r i a b l e s  p 4 , 
p 5, and P45 were c a l c u l a t e d  u s in g  eq u a t io n s  ( 4 .4 )  th ro u g h  ( 4 .1 1 ) .
5 .4  EVENT CLASSIFICATION AND CHANCE SUBTRACTION
E vents  b e lo n g in g  to  element (1 ,1 )  o f  t a b l e  5 .6  t h a t  s u rv iv e d  
the  c u ts  i n  th e  a n g u la r  and momentum a c c e p ta n c e s  of th e  MRS were tagged  
acc o rd in g  to  t h e i r  RTOF f l a g .  The k in em atic  q u a n t i t i e s  c a l c u la te d  f o r  
each even t were p 4 , p 5, th e  magnitude o f  the momentum of th e  p io n  and 
the  r e c o i l i n g  o b j e c t ,  r e s p e c t i v e l y ,  and th e  two an g le s  of p a r t i c l e  5 .  
Using th e  above v a r i a b l e s  a long  w ith  th e  m easured ones ,  we o b ta in e d  s 34 
and s 4 J , th e  t o t a l  in v a r i a n t  e n e rg ie s  i n  the  system s o f  p a r t i c l e  4 w ith  
p a r t i c l e s  3 and 5 , r e s p e c t i v e l y ,  and t i 4 , the  t o t a l  momentum t r a n s f e r  
sq u a re d .  Once th e se  v a r i a b l e s  were o b ta in e d  a few i n t e r e s t i n g  parame­
t e r s  (see below) were s o r t e d  acco rd ing  to  the RTOF f l a g  of th e  c o r r e -
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sponding even t and b inned  i n  a 3 -d im e n s io n a l  m a tr ix  o f  ( 6 4 , p 5 ,M34) .  The 
'random ' e v en ts  w ere th e n  s u b t r a c t e d  on an e v e n t -b y -e v e n t  b a s i s  from th e  
co r re sp o n d in g  b i n  i n  a g iv e n  m a t r ix  of ' r e a l '  e v en ts  e f f e c t i v e l y  remov­
ing ty p e s  (3) and (4 ) ,  l i s t e d  i n  t a b l e  5 . 8 ,  and th u s  o b ta in in g  t r u l y  
' r e a l '  e v e n t s .  (See t a b l e  5 .9  f o r  th e  d e t a i l e d  h i s t o r y  of e v e n t s  from 
elem ent (1 ,1 )  o f  t a b le  5 . 6 . )  The ' r e a l '  i n  t a b le  5 .9  c o n ta in s  random 
e v en ts  o f  ty p es  (3) and (4) in  t a b l e  5 .6 .  The r e j e c t e d  a re  th o s e  c u t  ou t 
on th e  b a s i s  o f  Ap3 , A03 , and A03  from th e  ' r e a l  -  ran d o m '.
The 3 -d im e n s io n a l  m a tr ix  as  i n d i c a t e d  above i s  d e f in e d  by the  
c e n t r a l  angle  o f  th e  p io n  t e l e s c o p e s ,  p 3 , th e  momentum of the  r e c o i l i n g  
n e u t ro n ,  and M34, the  i n v a r i a n t  mass o f  th e  d e u te ro n  and p io n  system . 
The ch o ic e  of th e s e  t h r e e  q u a n t i t i e s  as th e  v a r i a b l e s  o f  b in n in g  th e  pa­
ra m e te rs  c h a r a c t e r i z i n g  a pd—>djr+n even t i s  d is c u s s e d  i n  s e c t i o n  5 .6 .
TABLE 5 .9
D i s t r i b u t i o n  of e v e n ts  t h a t e n t e r  e lem ent (1 ,1 )  o f  t a b le  5 .8
T o ta l  number o f  ev en ts  = 40772
r e a l 293 45
random 5914
r e a l  -  random 23431
r e j e c t e d 5513
dji n e v e n t s 17918
The ' r e a l '  in  t a b l e  5 .9  c o n ta in s  random e v e n ts  of ty p e s  (3) and (4) in  
t a b le  5 . 6 .  The r e j e c t e d  a r e  those  c u t  ou t on th e  b a s i s  o f  Ap3 , A93 , and 
A03  from th e  ' r e a l  -  r a n d o m '.
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The b i n - s i z e  i n  each m a tr ix  o f  (14x100x32) d im ension  
c o rre sp o n d in g  to  (S4 ,ps,Ms4) was 4MeV/c by 5MeV/c i n  p 5 and MJ 4 , r e s p e c ­
t i v e l y .  The p a ra m e te rs  t h a t  were b inned  in  th e  b a s i c  3 -d im en s io n a l  ma­
t r i x  and t r a n s f e r r e d  t o  a secondary  tap e  w ere ,
1) number of ' r e a l '  e v e n ts
2) number o f  ' r e a l+ ra n d o m ' e v en ts
3) ave rage  i n v a r i a n t  mass, M45 o f  th e  p io n  and n e u t ro n  system
4) av e rag e  s p h e r i c a l  p o l a r  a n g le ,  0 4 o f  th e  n e u t ro n
5) av e ra g e  s p h e r i c a l  az im u tha l a n g le ,  of th e  
n e u t ro n
6) av e rag e  momentum t r a n s f e r  squared ,  t 14 o f  th e  in c id e n t  
p r o to n  and p io n
7) th e  c a l c u l a t e d  az im u th a l  accep tance
8) t h e  ev en t-d e p e n d e n t  p a r t  of th e  c r o s s  s e c t i o n
Q u a n t i t i e s  (3) th ro u g h  (7) a re  averaged  over th e  number o f  e v e n ts  i n  th e
co rre sp o n d in g  b i n  of M34 and p 5 a t  each § 4 . T h is  p ro ced u re  was a p p l ie d
12f o r  each  e x p e r im e n ta l  ru n  b o th  f o r  CD2 and C b u t  o n ly  1 ) ,  2) and 8)
12 4*were p r e s e rv e d  on tape f o r  C . The t o t a l  number o f  pd—>dn n e v e n ts  
w ith  th e  reduced  in fo rm a t io n  g iv e n  above a re  t a b u l a t e d  in  t a b l e s  5 .10  
and 5 .11  f o r  CDa and C**, r e s p e c t i v e l y .  The numbers g iv e n  in  th e  above 
two t a b l e s  a re  th e  r e s u l t  of combining d i f f e r e n t  ru n s  o f  th e  same 
(@3 'P a )  n o rm a l iz e d  to  one of them under th e  same k in e m a t ic  c o n d i t io n .  
The f a c t o r  used i n  the  n o r m a l i z a t io n  i s  N^, th e  number o f  i n c id e n t  p ro ­
to n s  f o r  th e  i n d i v id u a l  r u n s .
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TABLE 5 .1 0
T o ta l  number of pd—M n+n e v e n t s  accum ula ted  f o r  a g iv e n  (p 3 , 0 , )  w i th
CDj
£1
_ 0 _ 0 0« o - 011 13 15 17 19
p 3(MeV/ c)
850 32723









TABLE 5 .1 1
T o ta l  number of pd—>dn+n e v e n t s  accum ulated f o r  a g iven  (p 3 , 0 a ) w ith
C”














The e f f i c i e n c y  o f  th e  s c i n t i l l a t o r s  o f  th e  p io n  t e l e s c o p e s  i s
ta k e n  as  u n i t y .  The e f f i c i e n c y  f o r  th e  MWPC i s  c a l c u l a t e d  o n ly  f o r  th o se
*4*e v e n ts  w hich had  TOF and p u ls e  h e i g h t  c o r re sp o n d in g  to  a pd—>dn n  r e a c ­
t i o n .  I n  t h i s  way, th e  e f f i c i e n c y  f o r  d e t e c t i n g  d e u te ro n s  o f  th e  appro­
p r i a t e  v e l o c i t i e s  and ch a rg e s  was d e te rm in e d .  The d a ta  e f f i c i e n c y  f o r  
th e  e n t i r e  MWPC system  i s  g iv e n  by
N„„
8 =  ®-------------------------------------------  (5 .4 )
Ngo + Nba
where N _ i s  th e  t o t a l  number o f  e v e n ts  f o r  which each c o o rd in a te  of th e  go
MWPC system  had one r e a d o u t  in c lu d in g  th o se  t h a t  were sav ed ,  and N^ i s  
th e  t o t a l  number of e v e n ts  t h a t  a re  n o t  ' g o o d ' .  The 'random* type 
e v e n ts  were s u b t r a c t e d  from b o th  N^0 and N ^ .
5 .6  CALCULATION OF THE CROSS SECTION
The measured c ro s s  s e c t i o n  f o r  a b in  o f  s iz e  As34A tx4Au3J 
around s 34 , t 14 , and u 33, r e s p e c t i v e l y ,  was c a l c u l a t e d  u s in g  e q u a t io n  
(3 .17 )  as
d Scr(e4 ,M34, p 5) 1 N e " t /T
----------------------------- =    (5 .5 )
d s 34d t 14du33d£dX ^n sc^p  ^ As34A tx4 Au3JJ Ed£dX
and was o b ta in e d  f o r  each good ev e n t  s e l e c t e d .  E ven ts  were s o r t e d  on 
th e  b a s i s  o f  <j4f i . e . t r e a t i n g  each p io n  d e t e c t o r  in d e p e n d e n t ly ,  and 
b in n e d  i n  m a t r i c e s  of M34 and p 3 . Ne i s  th e  number of good pd— Mn n 
e v e n ts  i n  a g iv e n  b i n .  F u r th e rm o re ,  in  e q u a t io n  ( 5 . 5 ) ,
f  = edLt  <5 *6 >
S3
n sc = Nd (CDa ) ^o r  t a r g e t ,
Nd (CDa )Nc (CDa )
n = ------------ —--------- f o r  C t a r g e t .
Nc (C )
ad and Lj. a re  th e  MWPC system  e f f i c i e n c y  f o r  d e t e c t i n g  d e u te r o n s ,  equa­
t i o n  ( 5 . 1 ) ,  and th e  t o t a l  system  l i v e - t i m e  used h e r e  to  c o r r e c t  f o r  the  
d e a d - t im e ,  e q u a t io n  ( 5 . 4 ) ,  r e s p e c t i v e l y ,  n  „ i s  th e  t o t a l  number o f  t a r -S C
g e t  n u c l e i  p e r  cm^, t a b u l a t e d  i n  t a b l e  4 . 5 ,  b u t  c o r r e c t e d  f o r  th e  e f f e c ­
t i v e  t a r g e t  th i c k n e s s  g iv e n  in  e q u a t io n  ( 4 .1 4 ) .  N i s  th e  t o t a l  numberJr
o f  i n c i d e n t  p ro to n s  on th e  t a r g e t  from e q u a t io n  ( 4 .1 3 ) .  The e x p o n e n t ia l  
te rm  i n  e q u a t io n  (5 .5 )  a c c o u n ts  f o r  th e  r a t e  of p io u s  decay ing  v i a  th e  
n—Hiv mode and i s  t y p i c a l l y  0 .9 6 .  x i s  th e  p i o n ' s  m e a n - l i f e  time w hereas 
t  i s  th e  f l i g h t  tim e c a l c u l a t e d  from
dt m4
t  = -------  (5 .7 )
cp 4
where d^ i s  th e  d i s t a n c e  from t a r g e t  c e n t e r  to  any of the  p io n  t e l e ­
scopes  and c i s  th e  speed o f  l i g h t .
The denom inator i n  e q u a t io n  (5 .5 )  i s  g iv e n  by.
2maP,
As 3 4  “  2M,4 AMj 4  AuaI ~ ■ ■.......Ap 5  (5 .8 )
E ,
AM3 4  and Aps d e f in e d  th e  b i n  s i z e  of th e  m a t r ix  formed and were k e p t  
c o n s ta n t  fox  a l l  p io n  d e t e c t o r s ;  and f i n a l l y
d t a4




the  J a c o b ia n  in  e q u a t io n  (5 .9 )  i s  c a l c u l a t e d  from the  geom etry o f  th e  
p io n  d e t e c t o r ,
d t 14 2p4
----------  » ----- (p4 (p iE ,s in © 4-p  jEj^sinOjs ) - p ap 4E4sinO , )  (5 .1 0 )
dcos94 DEN
where
DEN = s in 0 4(p4E j-p 4E4cosO7j) (5 .10b)
The az im u th a l  i n t e g r a l  in  e q u a t io n  (5 .5 )  h as  to  be e v a lu a te d  
o ver  th e  g e o m e tr ic a l  a cc ep tan c e  o f  th e  experim en t keeping  s 34, t 14 , and 
u 34 c o n s t a n t .  R e c a l l  t h a t  e q u a t io n  (3 .1 0 )  i s  v a l i d  on ly  i n  th e  c e n t e r -  
of-m ass  system  s in c e  th e  2 -body  p a r t  was e v a lu a te d  in  t h i s  f ram e . 
However, s in c e  l i m i t s  when t ra n s fo rm e d  from c e n te r -o f -m a s s  to  l a b o r a to r y  
become v e ry  c o m p lic a te d ,  even  f o r  th e  s im p le s t  c a s e ,  we s h a l l  de te rm ine  
t h i s  i n t e g r a l  in  th e  l a b o r a t o r y .  The az im u th a l  i n t e g r a l  i s  d e f in e d  as
d 4o 3 ( ? ,k )
T ------------------------------------------- d03d04
JE d s 34d t 14du34d£d l 3 ( 0 3 ,0 4)
f  d£dX = ---------------------------------------------------------  (5 .11)
J E d o
f ----------------------------d?dX
JR d s 34d t 14d u 34d£dX
The s u b s c r ip t  E r e p r e s e n t s  t h e  l i m i t s  0 3 and 0 4 imposed by th e  ap p ara ­
t u s ,  w hereas R i s  th e  t o t a l  phase  space a v a i l a b l e  t o  0 3 and 0 4 . As th e  
d i f f e r e n t i a l  c ro s s  s e c t i o n  does  no t  depend on £ and X, i t  can be ta k e n  




I n  o rd e r  to  e v a lu a te  th e  J a c o b ia n  in  e q u a t io n  ( 5 .1 2 ) ,  we f i r s t  
need to  e x p re s s  £ an<* X a s  e x p l i c i t  f u n c t i o n s  o f  0 ,  and 0 4 . Using th e  
d e f i n i t i o n  o f  X d i s c u s s e d  i n  Appendix (C) and f i g u r e  ( C . l ) ,  we have
p 3s in 0 3s i n 0 3 + p 4s in 0 4s in 0 4
p 3s in 0 3c o s 0 3 + p 4s in 0 4cos04
d i f f e r e n t i a t i n g  e q u a t io n  ( 5 .1 3 ) .  i t  i s  e asy  to  show t h a t
BX BX
—  + _  = 1 (5 .1 4 )
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The ang le  as  shown in  f i g u r e  3 . 1 ,  i s  th e  az im u th a l  o r i e n t a ­
t i o n  o f  the  p la n e  of p a r t i c l e s  2 and 5 w i th  r e s p e c t  to  th e  p lane  o f  p a r ­
t i c l e s  3 and 4 as m easured around an a x i s  d e f in e d  by p a r t i c l e  1 , i . e . ,
cm cm cm cm
P i  XP» P i  XP* 
c o s S = cm cm“ * cm cmT (5 .1 5 )
IP i  *Pa I I P i  *P4 I
T h is  i s  t r a n s fo rm e d  to  th e  l a b o r a t o r y  frame u s in g  the  L o re n tz  
t r a n s f o r m a t io n  d e f in e d  by e q u a t io n  ( 5 .1 1 ) :
Pix0 A
cosg = -  ______ #____ (5 .1 6 )
ta n k  = (5 .1 3 )
I p i i p l  Ib I
where




B = (A -  (p a (p 4x p , ) )  ) . (5 .18)
E q u a t io n  (5 .16) can be d i f f e r e n t i a t e d  t o  o b ta in  th e  5 c o n t r i b u t i o n  to  
the  J a c o b ia n .  However, i t  i s  n o t  n e c e s sa ry  to  do so s in c e  0 ,  and 04 en­
t e r  i n  e q u a t io n  (5 .16 )  in  com bination  o f  (04- 0 , ) ,  so t h a t  5 “ 5 (0 4 ~0 j )  and
35 n
—   ------- (5 .19)
d04 00s
r e s u l t i n g  in
9 ( 5 . X) 95 9§
9(03* 04 > 30s 904
Using (5 .14 )  and ( 5 .2 0 ) ,  th e  ex p e r im e n ta l  accep tance  i n t e g r a l  s im p l i f i e s
to  th e  form
f  1 f  85f d5dX = -----—  I — d 0 ,d 0 4
J e  (2n) J e  904
+ +
the  l i m i t s  of i n t e g r a t i o n  E=0304 a re  d e f in e d  by
+ A0j
0 j  = ± -----
2
and
+ A 0|^  na





where A03 and A04 a r e  the  t o t a l  a z im u th a l  a c c e p ta n c e s  in  s p h e r ic a l  
c o o r d in a te s  o f  the  MRS and th e  RHS, r e s p e c t i v e l y .  The + co rresponds  to  
th e  upper and lower l i m i t  o f  i n t e g r a t i o n .  0 4c i s  th e  n o n - c o p la n a r i t y  o f  
th e  p io n  d e t e c t o r s  abou t th e  beam p la n e ,  w hereas  0 f4  co rresponds  to  th e  
ap p ro x im a tio n  of th e  c i r c u l a r  p io n  c o u n te r s  by a square  of equa l a rea  
w i th  04 , b e in g  the  c i r c u l a r  acc ep tan c e  o f  th e  p io n  d e t e c t o r s .  Note t h a t  
th e  i n t e g r a l  in  (5 .2 1 )  can be e v a lu a te d  e x a c t ly  over d03 y i e l d i n g :
l y ,  and we r e s o r t e d  t o  S im pson 's  method o f  i n t e g r a t i o n  to  e v a lu a te  i t  
a p p ro x im a te ly .  We f i r s t  su b d iv id e  th e  az im u th a l  acc ep tan c e  in  04 in  i n ­
t e r v a l s  o f  s i z e
where n d e f in e s  th e  maximum number o f  s u b d iv is io n s  a f t e r  which th e  v a lu e  
o f  th e  i n t e g r a l  h a r d ly  changes .  I n t e g r a t i n g  e q u a t io n  (5 .24 )  i n  s t e p s i z e  
o f  &04 , one o b ta in s
(5 .24)
The i n t e g r a l  in  e q u a t io n  (5 .24 )  can  no lo n g e r  be so lv ed  e x a c t -
A04





( 2 n - l )





( 2 n - l )
S“ (n> = 03 + 07 + --------- 804) (5 .28)
2
one f u r t h e r  app ro x im a tio n  done i s  th e n
( 2 n - l )  ( 2 n - l )
s in (0 4 + ---------- 804) = sin(07) + --------- 804cos07
2 2
and
( 2 n—1 ) _ ( 2 n - l )
cos ( 0 4  +  804 ) = c o s ( 0 4) -------------- 8 0 4 s i n 0 7
2 2
E q u a t io n  (5 .2 6 )  i s  p l o t t e d  v e r s u s  p 3 f o r  0 3 = 11 and i s  shown in  f ig u r e
( 5 . 2 ) .
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F ig u re  5 .2 :  v s  p 3, th e  momentum of th e  d e u te ro n  a t  0 3 = 11°
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5 .7  CALCULATION OF THE RECOIL DISTRIBUTION PROBABILITY
I n  tlie second p a r t  o f  t i e  a n a l y s i s ,  th e  d e u te ro n  v e r t e x  func­
t i o n  has  been  e x t r a c t e d  from th e  d a ta  u s in g  th e  e x p re s s io n  f o r  th e  co in ­
c idence  c r o s s  s e c t i o n  g iv e n  by e q u a t io n  (3 .17 )
d 5o
d s S4d t 14dua4d§d l 
K < u a j ) l  = ------------------------------ (5 .31 )
d o  cm
kstU  Jn  ^PP~>d«+QU4
where
1SPxP3*P< “ a
^ s t u  “  cm a (5 .32 )
and the  num era to r  i s  g iv e n  by e q u a t io n  ( 5 . 5 ) .  E q u a t io n  (3 .18 )  i s  then  
u sed  to  o b ta in  l< k (p ,) |a , th e  momentum d i s t r i b u t i o n  in  th e  d e u te ro n  nu­
c le u s  b e f o r e  c o l l i s i o n .
5 .8  SUBTRACTION OF CARBON BACKGROUND AND DETERMINATION OF ERROR
The c o n t r i b u t i o n  to  th e  c ro s s  s e c t i o n  from th e  carbon  p o r t i o n  
o f  th e  e x p e r im e n ta l  t a r g e t ,  CDa , was s u b t r a c t e d  b in  by b i n  as
d 5o ( aH) = d 5o(CDa ) - d * o ( c “ ) .  (5 .33 )
The two te rm s on th e  r i g h t  a re  f o r  CDa and C*2 , r e s p e c t i v e l y .
The e r r o r  i s  s t a t i s t i c a l  o n ly  and d e te rm in ed  as
Ad*o(aH) = ((W^Nf®)* Nyr + (W ./N f5)* Nfr ) 4 ( S . 34)
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The in  th e  f i r s t  and second te rm  in  e q n a t io n  (5 .34) co r re sp o n d  to  th e  
c ro s s  s e c t i o n  w ith  CDa and C t a r g e t s  o f  b in  i ,  r e s p e c t i v e l y .  N^e and 
N*r  r e p r e s e n t  th e  ' r e a l '  and ( ' r e a l '  + 'random ')  sample o f  e v e n ts  i n  a 
g iv e n  b in  c o n s id e re d ,  r e s p e c t i v e l y .
C hap ter  VI 
RESULTS AND DISCUSSIONS
6 .1  INTRODUCTION
2  4 .
The da ta  c o l l e c t e d  fo r  th e  r e a c t i o n  H (p ,dn  )n ,  shown i n  t a b le
(4 .3 )  and an a ly zed  fo l lo w in g  the  p ro ced u re  d e s c r ib e d  in  th e  p rece d in g  
c h a p te r ,  a r e  d is c u s s e d  h e r e .  We f i r s t  d i s c u s s  the  g e n e ra l  scheme used  in  
s e l e c t in g  d a ta  p o i n t s  and th e  use o f  r e s u l t s  o b ta in e d  from th e  Monte 
C arlo  s im u la t io n  o f  the  co in c id en c e  experim en t as a  guide f o r  t h i s  pu r­
p o se .  The r e s u l t s  o f  the  Monte C a r lo  s im u la t io n ,  b e s id e s  t h e i r  u se  in ­
d ic a te d  above , en ab led  us  to  confirm  some c h a r a c t e r i s t i c s  o bserved  in  
th e  d a ta .
When the c ro s s  s e c t i o n  d a t a  a re  p l o t t e d  in  a 2 -d im en s io n a l  M,4 
v e rsu s  p 5 h is to g ra m ,  the  g e o m e tr ic a l  a ccep tan ce  of th e  system produces  a 
t y p i c a l  V -shape; f o r  most p 5 v a lu e s  a range o f  M34 v a lu e s  i s  p o s s i b l e .  
The shape o f  the r e g io n  p o p u la te d  i n  the d a t a  i s  s i m i l a r  to  th e  one 
shown in  t h e  p lo t  o f  M34 v s  p } in  f i g u r e  4 . 5 .  In  f i g u r e  4 .5  one n o t i c e s  
t h a t  each p io n  t e le s c o p e  covers  a d i f f e r e n t  range i n  M34 and p 3 , and 
t h a t  n e ig h b o rin g  c h a n n e ls  show some o v e r la p  i n  th e se  v a r i a b l e s .
B order  e f f e c t s  observed  i n  th e  d a t a  a re  im p o r ta n t ,  i . e .  th e  
b o u n d a r ie s  a r e  n o t  a b r u p t ;  t h i s  i s  due to  l o s s e s  a lo n g  the  b o u n d a r ie s  
which are  d e f in e d  by  the  a n g u la r  and momentum acc ep tan c es  o f  the  d e t e c ­
t o r s .  Such e f f e c t s  can  be compensated f o r  by us ing  a  t r a n s m is s io n  coef­
f i c i e n t  w h ich  can be c a l c u l a t e d  by s im u la t in g  the  experim en t u s in g  th e
- 92 -
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Monte C arlo  te c h n iq u e .  The Monte C arlo  s im u la t io n  we have done confirm s 
th e  shape of th e  boundary  and l o s s e s  o f  t r a n s m is s io n  o b se rv ed .  The Monte 
C a r lo  r e s u l t s  do no t need  to  be used i n  th e  p r e s e n t  p ro ced u re  i f  we a re  
w i l l i n g  to  r e j e c t  a l l  d a t a  from th e  r e g io n  w i th  l e s s  f u l l  t r a n s m is s io n ,  
and t h i s  i s  w hat we have  done. Such a s e l e c t i o n  i s  accom plished  by se ­
l e c t i n g  d a ta  i n  e x c lu s io n  of th e  'b o r d e r '  r e g i o n .  The c u t s  chosen  have 
been  v e r i f i e d  by Monte C arlo  s im u la t io n  of t h e  experim en t f o r  unifo rm  
p o p u la t io n  o f  th e  phase  space . The s im u la t io n  has  been  done tw ic e ,  u s in g  
two d i f f e r e n t  s e t s  f o r  th e  f i v e  independen t v a r i a b l e s  t h a t  d e f in e  th e  
5 -d im en s io n a l  phase sp ace  of th e  e x p e r im e n t .  The two s e t s  o f  v a r i a b l e s  
(which d e f in e d  th e  i n t e r v a l s  i n  which to  g e n e r a te  e v e n ts )  a r e  (1) th e  
m easured q u a n t i t i e s  p 3 , cos03 , 0 3 , cos94 , and 04 , (2) th e  k in e m a tic
v a r i a b l e s  used  i n  the  p r e s e n t  p ro c e d u re ,  namely s 34 , t 1 4 , u a j , £ ,  and X. 
I n  eac h  c a s e ,  we have fo l lo w ed  th e  same p r o c e d u re ,  ( see  Appendix C) 
k in e m a t i c a l l y  a s  when p h y s ic a l  e v e n ts  a re  t r e a t e d .  Case (2) r e q u i r e d  th e  
c a l c u l a t i o n  o f  th e  ob se rv ed  v a r i a b l e s  (which are  s u b je c t  t o  acc ep tan c e  
l i m i t a t i o n s  i n  th e  a p p a ra tu s )  from th e  v a r i a b l e s  chosen a t  random; th e  
complex geom etry in v o lv e d  i s  d i s c u s s e d  in  d e t a i l  in  Appendix (C ) .
A second c h a r a c t e r i s t i c  of t h e  d a t a  i s  t h a t  th e  number of 
e v e n ts  f o r  a g iv e n  p ,  v a r y  as a f u n c t i o n  o f  M34, a f a c t  a b s e n t  i n  th e  
Monte C arlo  r e s u l t  o b ta in e d  w i th  th e  two s e t s  of v a r i a b l e s  above, (see  
th e  n e x t  s e c t i o n  f o r  f u r t h e r  d i s c u s s i o n . )  The r e s u l t  of th e  Monte C arlo  
c a l c u l a t i o n  i s  d i s c u s s e d  f u r t h e r  in  s e c t i o n  6 . 3 .
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6 .2  RYPBRTMBNTAL RESULTS AND UNCERTAINTIES
2  .
The r e s u l t s  o f  th e  a n a l y s i s  o f  th e  r e a c t i o n  H (p ,dn  )n  a re  t a ­
b u la te d  i n  t a b l e s  D . l  t o  D.101 in  Appendix (D ). The k in e m a tic  v a r i ­
a b l e s ,  p 3, 6 3 , 6 4 , P j ,  M34, t i 4 , on th e  b a s i s  o f  which th e  t a b l e s  a re  
o rg a n iz e d ,  a r e  s u f f i c i e n t  to  d e te rm in e  any o th e r  k in e m a t ic  v a r i a b l e  of 
the  t h r e e  body k in e m a t i c s .
The t a b u l a t e d  r e s u l t s  a re  i l l u s t r a t e d  i n  f i g u r e s  6 .2 a  to  6 .1 3 b ,  
w i th  each one l a b e l l e d  w i th  th e  c e n t r a l  v a lu e s  o f  th e  MRS momentum and 
ang le  ( e 3 , p 3) .  The f i g u r e s  l a b e l l e d  a a re  f o r  the  d i f f e r e n t i a l  c ro s s  
s e c t i o n  from e q u a t io n  ( 5 . 6 ) ,  and th o se  l a b e l l e d  b a r e  f o r  th e  momentum 
d i s t r i b u t i o n  as  e x t r a c t e d  from th e  c ro s s  s e c t i o n  on th e  b a s i s  o f  th e  IA, 
u s in g  e q u a t io n  (3 .1 8 )  and ( 5 .3 1 ) .  The d a ta  p o i n t s  i n  each o f  th e se  f i g ­
u re s  a re  shown w i th  d i f f e r e n t  symbols acc o rd in g  to  th e  a n g u la r  p o s i t i o n  
o f  th e  p io n  d e t e c t o r s ,  and p l o t t e d  as  f u n c t io n s  o f  the  n e u t ro n  r e c o i l  
momentum, p s . The d a t a  p o i n t s  e n te r e d  in  th e  t a b l e s  above a re  a combi­
n a t io n  o f  two e lem en ts  i n  p 3 in  the  b a s i c  d a ta  m a t r ix .  As th e  s i z e  o f  
each momentum b in  i n  t h i s  m a tr ix  i s  4 MeV/c, t h i s  com bina tion  gave a b in  
s i z e  o f  8 MeV/c in  p s w ith  a 40% g a in  in  s t a t i s t i c s .  A lthough the  range 
o f  th e  r e c o i l  momenta in c lu d ed  in  th e  d a ta  m a tr ix  was 0 t o  400 MeV/c, 
th e  s t a t i s t i c a l l y  s i g n i f i c a n t  d a ta  ex tended  o n ly  from 10 t o  190 MeV/c 
w ith  th e  m a jo r i t y  coming from th e  r e g io n  below 150 MeV/c.
As th e s e  s p e c t r a  a re  f u n c t i o n s  o f  th e  m agnitude o f  th e  r e c o i l  
momentum, s e v e r a l  e lem en ts  o f  th e  d a ta  m a t r ix  have th e  same v a lu e  o f  p s 
f o r  d i f f e r e n t  v a lu e s  o f  M34 foecause  th e  d e t e c t o r  has  a s i g n i f i c a n t  ac ­
cep tan ce  in  momentum. Such d a ta  p o i n t s  d i f f e r  by th e  o r i e n t a t i o n  r e l a ­
t i v e  t o  th e  beam d i r e c t i o n ,  o f  th e  p 5 v e c to r  d i r e c t i o n .  T h is  i s  shown
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i n  f i g u r e  4 .4  f o r  0 ,  = 15 . The same v a lu e  o f  p ,  occu rs  i n  th e  same 
p io n  channe l f o r  two d i f f e r e n t  v a lu e s  o f  M14, w e ll  w i th in  th e  momentum 
acc ep tan c e  o f  th e  MRS. A lso ,  f o r  a g iv e n  MJ4 v a lu e  s e v e r a l  d i f f e r e n t  
v a lu e s  o f  p 5 cou ld  be s e l e c t e d  i n  th e  same b a s ic  m a t r ix .  The f i n i t e  an­
g u la r  acc ep tan c e  o f  th e  system  m o s tly  d e f in e s  th e  range  o f  p 5 v a lu e s  f o r  
a g iv e n  MJ 4 . The d a ta  cover  a wide r e g io n  in  th e  o th e r  v a r i a b l e s  o f  i n ­
t e r e s t  f o r  each of th e  r e c o i l  momentum p 5 . T ab le  6 .1  summarizes the  
ran g es  o f  th e  d i f f e r e n t  v a r i a b l e s  covered  fo r  each ( 5 , ,  p 3) com bination  
s tu d ie d  h e r e .
TABLE 6 .1
ran g e s  o f  v a r i a b l e s  covered  in  t h e  p r e s e n t  experim en t
0 J , P j  ®4 Mj4 P j  t 14
i C .860 24 - 64° 2 .0875 - 2.1525 .026 - .118 .3120 - .5674
1X0 * .979 32 - 96° 2 .0875 - 2 .1575 .010 - .114 .1862 - .5509
11 .1 .054 40 - 96° 2 .0875 - 2.1625 .010 - .126 .1677 - .5174
13 o ’ .979 36 - 88° 2 .1025 - 2 .1575 .038 - .118 .2433
- .5229
13 ,1 .054 44 - 96° 2 .0925 - 2 .1625 .038 - .126 .1928 - .4993
15l> .789 24 - 56° 2 .1175 - 2 .1675 .068 - .146 .3136 - .5413
15o ’ .962 36 - 72° 2 .1125 - 2 .1575 .062 - .118 .2804 - .516515 ,1 .053 52 - 80° 2 .1175 - 2 .1575 .066 - .122 .2509 - .4452
17o ’ .708 24 - 48° 2 .1425 - 2 .1775 .110 - .186 .3761 - .5354
11 o ’ .854 28 - 80° 2 .1225 - 2.1775 .094 - .190 .2017 - .5252
11 o ’ .979 44 - 72° 2 .1125
_ 2.1675 .094 - .154 .2643 - .4880
19 . .900 44 56° 2.1375 2.1675 .126 - .154 .3473 .4558
P s. I»s “ GeV/c Ms4 -  GeV ^14 “ (G eV /c) '
The e r r o r  g iv e n  i n  t a b l e s  D .l  th rough  D.101 in  Appendix D f o r  
th e  c ro s s  s e c t i o n  and th e  momentum d i s t r i b u t i o n  a re  s t a t i s t i c a l  a lo n e .
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and i t s  d e t e r m in a t io n  was p r e v io u s ly  d is c u s s e d  i n  s e c t i o n  5 .8 .  One o th e r  
source  o f  s t a t i s t i c a l  u n c e r t a in t y  a r i s e s  from th e  number of p a r t i c l e s  
p a s s in g  th ro u g h  th e  w ire  p l a n e s .  The e f f i c i e n c y  f o r  MWPC was de te rm ined  
as  d i s c u s s e d  in  s e c t i o n  5 .5 ,  and ranged  from .75 to  .85 i n  b o th  (X0 ,Y0) 
p la n e  and (Xt ,Xjj) p la n e .  The r e l a t i v e  u n c e r t a i n t y ,  A e /e ,  f o r  each o f  
th e  above p la n e s  e f f i c i e n c y  was +0.4%, f o r  a combined v a lu e  of about 
0 . 8%.
The t y p i c a l  v a lu e s  f o r  th e  computer dead time c o r r e c t i o n  ranged  
from .8 to  .85 and th e  s t a t i s t i c a l  u n c e r t a i n t y ,  ADt /D^., was +1.5%. The 
s t a t i s t i c a l  u n c e r t a i n t y  a r i s i n g  from th e  p o la r i m e t e r  number o f  c o u n ts ,
A^Nm o n ^ Nmon' wliere Nmon i s  8 iv e n  by e q u a t io n  ( 4 .1 2 ) ,  was t y p i c a l l y  l e s s  
th a n  .25%. The abobe u n c e r t a i n t i e s  o f  s t a t i t i c a l  o r i g i n  a r e  n o t  in c lu d ­
ed i n  the  d a t a  t a b l e s ;  th e re  combined v a lu e  i s  abou t 2%.
There a re  a number o f  sou rces  o f  s y s te m a t ic  e r r o r s  to  be con­
s id e r e d .  The u n c e r t a i n t y  i n  p o la r im e te r  c a l i b r a t i o n  i s  abou t 3%. The 
t a r g e t  th i c k n e s s  was measured to  about +1.5% w hereas a 2% u n c e r t a in t y  in  
th e  t a r g e t  o r i e n t a t i o n  w ith  r e s p e c t  to  beam d i r e c t i o n  sh o u ld  be in c lu d ­
ed .  A lso , a hydrogen  co n ta m in a t io n  amounting to  l e s s  th a n  2% shou ld  be 
c o n s id e r e d .
As d e s c r ib e d  p r e v io u s l y ,  the  s o l i d  an g le  e lem en ts  0 3 and Ji4 
were d e te rm ined  by  d e f in in g  s o f tw a re  c u t s .  The u n c e r t a i n t y  in  th e  s o l i d  
a n g le  was d e te rm in e d  from th e  u n c e r t a i n t i e s  in  0 4 , 04 , 0 3 , and 0 3 . They 
w ere ,  r e s p e c t i v e l y ,  +0.5%, +0.5%, +0.75%, and +0.75%. A lso ,  a 2% u n c e r ­
t a i n t y  i n  p 3f the  d e u te ro n  momentum shou ld  be in c lu d e d .
The u n c e r t a i n t i e s  i n  A t14, As34, Au35, and the  az im u tha l  angu­
l a r  accep tan ce  a re  each  c a l c u l a t e d  as th e  square  r o o t  o f  th e  sum of  the
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sq u a re s  o f  the  u n c e r t a i n t i e s  in  th e  above p r im ary  v a r i a b l e s ,  and each 
was about 2%. The above s y s te m a t ic  u n c e r t a i n t i e s  a re  l i n e a r l y  combined 
to  g ive  an o v e a l l  s y s te m a t ic  e r r o r  o f  11%.
6 .3  DISCUSSION OF TOE RESULTS
We now t u r n  our a t t e n t i o n  t o  th e  c ro s s  s e c t i o n  d a ta  shown as a 
f u n c t io n  o f  th e  m agnitude o f  th e  n e u t ro n  r e c o i l  p 5 i n  th e  p l o t  o f  f i g ­
u r e s  6 . 2 a ,  6 .3 a ,  6 .4 a  f o r  S3 = 11° and 6 .5 a  and 6 .6 a  f o r  § 3 = 1 3 ° .  For 
a l l  d a ta  shown, we n o t i c e  th e  e x i s t e n c e  o f  two b ra n c h e s ,  i . e .  th e  d a ta  
c l u s t e r  around a h ig h  and a low v a lu e  of th e  c ro s s  s e c t i o n  f o r  most v a l ­
ues  of p 5 . Q u a l i t a t i v e l y ,  t h i s  e f f e c t  i s  a l s o  o b se rv ed  i n  th e  |(J(ps ) |*
r e p r e s e n t a t i o n  o f  f i g u r e s  6 .2 b ,  6 .3 b ,  6 .4 b  fo r  Q, = 11° and 6 .5b  and 
— 06 .6b  f o r  0 3 = 13 . We i n t e r p r e t  th e  e x i s t e n c e  o f  two d e f i n i t e  b ra n c h e s  
i n  I4 (p 5) l 3 as  an  i n d i c a t i o n  o f  a dependence on a v a r i a b l e  o th e r  th a n  p 3 
f o r  & p o r t i o n  o f  th e  d a t a .  D i s t o r t i o n  due to  FSI w i l l  g e n e r a l ly  r e s u l t  
i n  l ^ ( p 5) | 3 depending  upon o th e r  v a r i a b l e s  b e s id e  p 5 . I f  the  r e a c t i o n  
was e n t i r e l y  due to  th e  f i r s t  term i n  th e  Feynmann s e r i e s  as  i n  f ig u r e  
2 . 1 a ,  th e  M34 and 04 dependence i n  th e  c ro s s  s e c t i o n  shou ld  have been 
e n t i r e l y  removed from l<b(p5) | 2 , as th e se  a r e  due to  the  energy  and angu­
l a r  dependence o f  the  am plitude  a t  th e  pp—>dn+ v e r t e x  as  c o n ta in e d  in  
th e  (do/dQ) term  o f  th e  IA, a s  in  e q u a t io n  ( 3 .1 7 ) .  For (dcr/dQ), we have 
used  th e  a n a l y t i c a l  f i t  o f  Measday e t  a l .^ ®  d is c u s s e d  i n  Appendix B. 
More r e c e n t  f i t s  have been  o b t a i n e d , b u t  do n o t  d i f f e r  a p p r e c ia b ly  in  
th e  energy  r e g io n  o f  th e  p r e s e n t  e x p e r im e n t .  For a g iv e n  v a lue  o f  p s , 
M ( P j ) | a shou ld  th u s  n o t  depend upon e i t h e r  0 4 o r  M34. The pp—>drr+ c ro s s  
s e c t i o n  i s  e v a lu a te d  a t  an energy  g iven  by Mj4 and an ang le  g iv e n  by 
•
98
A lthough th e  p a ra m e te rs  o f  the  e x p e r im e n t ,  i . e .  p io n  and 
d e u te ro n  a n g le s  and d e u te ro n  momentum, a re  n o t  th e  i n t e r e s t i n g  ones from 
th e  p o in t  o f  view o f  th e  r e a c t i o n  mechanism, we f i r s t  examine th e  depen­
dence of th e  r e c o i l  p r o b a b i l i t y  on th e se  v a r i a b l e s  f o r  a g iv e n  r e c o i l  
momentum p 5 to  see w h e th e r  th e  t y p i c a l  2 -b ra n c h  s t r u c t u r e  of th e  d a ta  
m igh t be due to  im proper pp—>dn+ in p u t  i n  th e  IA fo rm u la .  A t y p i c a l  
d a t a  sample i s  shown i n  f ig u r e  6 .1 4  as  a f u n c t i o n  o f  0 4 f o r  p s = .030, 
.0 3 4 ,  and .046 MeV/c a t  0 3 = 11° and p a = 979 MeV/c. No s y s te m a t ic  de­
pendence upon e i t h e r  0 3 o r  0 4 can be seen f o r  d a ta  p o i n t s  coming from 
b o th  b ra n c h e s ,  a l th o u g h  th e  s c a t t e r  o f  p o in t s  observed  f o r  a l l  v a lu e s  of 
p 5 i s  c l e a r l y  l a r g e r  th a n  one would ex p ec t  on the  b a s i s  o f  s t a t i s t i c s  
a l o n e .  We d i s p l a y  in  f i g u r e  6 .15  th e  same d a ta  as  i n  f i g u r e  6 .1 4 ,  b u t  as 
a f u n c t io n  o f  M4 J , th e  i n v a r i a n t  mass o f  th e  ;t+n p a i r .  The g e n e ra l  be­
h a v io u r  does n o t  d i s p l a y  any s y s te m a t ic  dependence , a l th o u g h  we come 
w i th i n  a few MeV from M4J = M^, th e  mass o f  th e  (3 ,3 )  re so n a n c e .  But, 
th e  s c a t t e r  o f  p o i n t s  i s  a g a in  w id e r  th a n  th e  s t a t i s t i c s  would a l lo w .
6 . 3 . 1  COMPARTSOM fflTH OTHER EXPERIMENTS
The |< ) ( p j ) |Z s p e c t r a  e x t r a c t e d  from th e  d a ta  o f  th e  p r e s e n t  ex­
p e r im en t  a re  compared w i th  th e  co r re sp o n d in g  l<fr(p,) |a spectrum  o b ta in e d  
i n  th e  c o in c id e n c e  ex p er im en t d ( e , e ' p ) n  d a ta  o f  Bernheim e t  al^® a t  an 
i n c id e n t  e l e c t r o n  energy  of 500 MeV, a l s o  b a s e d  on th e  IA. The e l e c t r o n  
experim en t was perfo rm ed  i n  p a r t  i n  th e  q u a s i - f r e e  r e g io n ,  i . e .  a t  an­
g l e s  a l lo w in g  r e c o i l  f r e e  r e a c t i o n s .  The l a r g e  r e c o i l  p a r t  of th e  d a ta  
was o b ta in e d  o u t s id e  the  q u a s i - f r e e  r e g io n ,  and does n o t  match th e  qua- 
s i - f r e e  d a t a .  However, f i n a l  n -p  s t a t e  i n t e r a c t i o n s  were c o n s id e re d  to
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be th e  sou rce  o f  th e  above mismatch and such a c a l c u l a t i o n  has  been  done 
by F ab ian  and A r e n h o v e l , ^  who showed t h a t  th e  two r e g io n s  match a f t e r  
c o r r e c t i o n  f o r  FSI and meson exchange c u r r e n t s .  With r e g a rd  to  th e  
(p ,2 p )  e x p e r im e n ts ,  i t  h a s  been th o u g h t  by T. R. W it te n  e t  a l . ^ ,  R. D. 
F e ld e r  e t  a l . ^ ,  and J .  M. Wallace^® t h a t  t h i s  ex c e ss  o f  c ro s s  s e c t i o n  
may a r i s e  from F S I .  However, as i s  shown, f o r  example i n  th e  a n a l y s i s  o f  
W allace f o r  th e  r e s u l t s  from C. F. P e r d r i s a t  e t  a l . ^ ,  FSI do no t  g iv e  a 
s u f f i c i e n t l y  h ig h  c o n t r i b u t i o n  to  e x p l a i n  th e  th e o ry -e x p e r im e n t  d i v e r ­
gence a t  h ig h  momenta.
A lso ,  th e  shape o f  the e l<J(pj ) ( 3  d i s t r i b u t i o n  i s  i n  good 
agreem ent (up to  340 MeV/c) w ith  th e  P a r i s  po ten tia l^**  d e u te ro n  momentum 
d e n s i t y .  The n o r m a l iz a t io n  f a c t o r  f o r  th e  P a r i s  d i s t r i b u t i o n  co r re sp o n d ­
ing  to  t h a t  r e s u l t  i s  abou t 84%, a l th o u g h  meson exchange c u r r e n t  c o r r e c ­
t i o n  might ta k e  c a re  o f  t h a t ,  a cc o rd in g  to  A ren h o v e l .  The r e s u l t  from 
the  e l e c t r o n  experim en t i s  shown in  f i g u r e  6 .1 6 .
The com parison o f  ou r d a ta  w i th  th e  e l e c t r o n  r e c o i l  d i s t r i b u ­
t i o n  s u g g e s ts  t h a t  about h a l f  the d a t a  i s  i n  good agreem ent w i th  th e  
IA. The low er b ran ch  has  about the  same s lo p e  and m agnitude in  I<J(pj ) | 2  
as th e  r e c o i l  momentum d i s t r i b u t i o n  e x t r a c t e d  from th e  ( e , e ' p )  d a t a ,  as 
can be seen  i n  f i g u r e  6 .1 7 ,  where th e  e l e c t r o n  |( ) (p5) | z i s  superim posed 
w ith  our d a ta  a t  0 3  = 11° and p ,  = . 8 6  GeV/c. The o th e r  h a l f  o f  th e  
d a ta  i s  i n  s t ro n g  d isag ree m en t  w ith  th e  e l e c t r o n  r e s u l t s .  The p o s s i b i l i ­
t y  t h a t  t h i s  d ic re p a n c y  was due to  i n s t r u m e n ta l  d i s t o r t i o n ,  i . e .  i t  was 
caused  by an inhomogeneous and a n i s o t r o p i c  p o p u la t io n  o f  phase space 
produced by the  k in e m a t ic s  and the  e x p e r im e n ta l  c o u n te r  c o n f ig u r a t io n ,  
was s tu d ie d  in  d e t a i l .  However, the  Monte C a r lo  s t u d i e s  shows no anoma-
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l y  i n  the  phase  space p o p u la t io n ,  as  can be seen  i n  f ig u r e  6 . 1 .  I n  t h i s  
f ig u r e  th e  Monte C a r lo  e v e n ts  a re  p l o t t e d  as  a f u n c t i o n  of p 3  f o r  s e v e r ­
a l  p io n  c h a n n e ls ,  a t  5 ,  = 11° and p 3=1.054GeV/c.
F o r  com parison we p r e s e n t  the  r e s u l t  o f  th e  800 MeV d a ta  of Lo 
e t  a l .^ ®  f o r  S 3  = 12° and S 4  = 2 5 ° .  At p r e s e n t ,  t h i s  i s  th e  o n ly  o th e r  
d a ta  a v a i l a b l e  on th e  r e a c t i o n  i n  th e  same p s-dom ain . The c ro s s  s e c t i o n  
and l<k(pj)l* a re  p l o t t e d  v e r s u s  p 3  in  f i g u r e s  6 .1 8  and 6 .1 9 .  r e s p e c ­
t i v e l y .  C l e a r l y ,  th e  2 -b ran ch  f e a t u r e  i s  ob se rv ed  in  t h e i r  d a ta  a l s o .  
The com parison  of th e  above two p l o t s  i n d i c a t e s  t h a t  th e  s e p a r a t io n  of 
th e  two b ra n c h e s  i s  more pronounced  in  th e  l<J(p3 ) | 2  p l o t  than  i n  the 
c ro s s  s e c t i o n  p l o t .  T h is  b eh a v io u r  i s  s i m i l a r  t o  the  one seen i n  our 
d a t a ,  a t  l e a s t  i n  th e  case o f  ( 0 3  = 11°, p 3  = 800 MeV/c), shown i n  f i g ­
u re s  6 . 2 a and 6 . 2 b .
6 .3 .2  BINDING EFFECTS
The d i s c u s s io n  of q u a s i - f r e e  s c a t t e r i n g  f o r  a r e a c t i o n  o f  type 
A (x ,yz)B  g iv e n  in  C hap te r  I I I  was based  on the  assum ption  t h a t  i f  the 
s u b s t r u c tu r e  (A-B) p o s s e s s e s  Ferm i momentum p 5, th e  s p e c t a t o r  B p o s s e s s ­
es  momentum p f . T h is  i s  a consequence of th e  n o -b in d in g  assum ption  and 
i s  th e  b a s i c  a ssu m p tio n  o f  th e  IA f o r  a q u a s i - f r e e  s c a t t e r i n g ;  momentum 
from th e  p r o j e c t i l e  i s  no t t r a n s f e r r e d  to  th e  t a r g e t  to  b re a k  i t  up in to  
two com ponents. The n e g l e c t  o f  th e  b in d in g  would become a p p a re n t  as  a 
s h i f t  i n  th e  momentum d i s t r i b u t i o n  o f  th e  q u a s i - f r e e  s c a t t e r e d  p a r t i c l e .  
The ways to  in c lu d e  such a momentum t r a n s f e r  to  th e  t a r g e t  have been  
d i s c u s s e d  r e c e n t l y  by P .  C. G u g e l o t ^  and A. Abul-magd e t  al^®.
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F ig u re  6 .2 0  i l l u s t r a t e s  a p o s s i b l e  schem atic  r e p r e s e n t a t i o n  of 
th e  b in d in g  c o r r e c t i o n .  I n  t h i s  f i g u r e  th e  bubble  r e p r e s e n t s  a  t r a n s f e r  
o f  energy  e ,  and momentum Ap, which the  incoming p a r t i c l e  o f  mass mx has  
to  lo s e  f o r  th e  t a r g e t  o f  mass ma t o  b reak u p .  Assuming, Ap i s  i n  th e  
d i r e c t i o n  o f  p A, th e n  energy  and momentum c o n s e r v a t io n  g iv e ,  i n  f i r s t  
ap p ro x im a tio n :
Ei
Ap = — e (6 .1 )
Px
As a consequence, th e  momentum Ap g iv e n  to  m2  makes p c no lo n g e r  equal 
t o  - p j .  The p r o j e c t i l e  now has  momentum and energy  Pj. -  Ap and E± -  c 
when i t  i n t e r a c t s  w i th  th e  s u b s t r u c tu r e  of th e  t a r g e t .  The t a r g e t  has 
la b  momentum Ap, and energy  ma + e .
I n  th e  b in d in g  c o r r e c t i o n  scheme we a re  d i s c u s s in g ,  th e  f r a g ­
ments mf and mc a re  n o t  moving w ith  b a c k - to -b a c k  momenta in  th e  la b o ra ­
t o r y .  The frame where ms and m( have equal and opposed momenta moves in  
the  l a b o r a t o r y  frame w ith  a v e l o c i t y
P« “  P« P *  +  P«
v = -------- —  = ------------  ( 6 . 2 )
m« m,
and i n  t h i s  moving frame th e  c o n d i t io n  of th e  Fermi momenta i s  f u l f i l l e d  
and i s  ex p re s se d  a s .
P i + p{ = 0 (6 .3 )
where prim ed q u a n t i t i e s  a re  used to  d i s t i n g u i s h  the  r e c o i l i n g  n u c le a r  
frame from the  l a b o r a to r y  fram e. p« co rresp o n d s  to  th e  Fermi momentum
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of m6 in  th e  moving fram e . Using energy  and momentum c o n s e rv a t io n  we 
f in d  i n  f i r s t  o rd e r :
ms + m6 a
8 = ------------p» -  ed (6>4)
and t h i s  i s  s u b s t i t u t e d  i n  e q u a t io n  ( 6 . 1 ) .  ed i s  th e  b in d in g  energy  of 
th e  d e u te ro n .  Having c a l c u l a t e d  th e  k in e m a t ic s  i n  th e  l a b o r a to r y  fram e, 
we have o b ta in e d  the  la b  momentum of  th e  r e c o i l i n g  o b j e c t .  A c a l c u l a ­
t i o n  o f  th e  moving frame momentum of p a r t i c l e  5  i n d i c a t e s  v e r y  sm all 
c o r r e c t i o n s  f o r  the  d a ta  p o in t s  from th e  low er b ra n c h .  For th o se  from 
the  upper b ranch  the  c o r r e c t i o n  in  p ,  i s  2 to  3 MeV/c , s t i l l  n o t  enough 
to  acc o u n t  f o r  th e  s u b s t a n t i a l  c o r r e c t i o n  needed . The b in d in g  c o r r e c ­
t i o n ,  however becomes v e ry  s u b s t a n t i a l  f o r  l a r g e r  v a lu e s  o f  p ,  and &s 
c lo se  t o  0 ° o r  180° . The d a ta  a n a l y s i s  i n  r e f . (47) i n d i c a t e s  t h a t  a 
number of q u a s i - f r e e  d a t a ,  bo th  i n c lu s iv e  and e x c lu s iv e ,  show such 
s h i f t s  and t h a t  the  s h i f t s  a re  q u a n t i t a t i v e l y  i n  agreem ent w i th  th o se  
o b ta in e d  w ith  th e  scheme d is c u s s e d  h e r e .
The k in e m a t ic s  o f  f ig u r e  6 .2 0  d i f f e r s  from th e  u s u a l  c o n s id e r a ­
t i o n  i n  one more way; th e  momentum t r a n s f e r  a t  th e  q u a s i  f r e e  v e r t e x  now 
has v a lu e s  based  on p 0  i n s t e a d  of p x . The i n v a r i a n t  energy  a t  t h i s  v e r ­
tex  i s  co n se rv ed .  But a l l  the  p a r t i c i p a n t s  i n i  + 6 —>-3 + 4 i n t e r a c ­
t i o n  a re  on th e  mass s h e l l ;  the  momentum t r a n s f e r  d i f f e r s  from the  
IA -v a lu e ,  and th e  pp—>dn+ c ro s s  s e c t i o n  i s  d i f f e r e n t  a s  a r e s u l t .  We 
have c a l c u l a t e d  th e  PP_*in + c ro s s  s e c t io n  in  t h i s  p i c t u r e  to  be used in  
e q u a t io n  (3 .17) and have o b ta in ed  t y p i c a l l y  a 7% d e c re a se  f o r  th o se  i n  
the low er b ranch  and p r a c t i c a l l y  no change f o r  those  i n  th e  upper
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b ra n c h .  The n e t  r e s u l t  i s  t h a t  th e  d a ta  p o in t  in  t h e  upper b ran ch  of 
th e  I6 ( p 5) | 3 d i s t r i b u t i o n  g e ts  moved to  a sm a l le r  p 5 , bu t th e  v a lu e  of 
|d< ps ) | a i s  unchanged. However, i n  the low er  b ra n c h ,  th e  c o r r e c t i o n  in  
p 5  i s  n e g l i g i b l e ,  b u t  a s l i g h t  in c re a s e  i n  th e  v a lu e  o f  l<k(ps ) | 2  r e s u l t s  
from th e  m o d if ie d  pp—^ dn+ c ro s s  s e c t i o n .  Ve conclude t h a t  th e  2 —branch  
s t r u c t u r e  o f  th e  d a ta  i s  no t e x p la in e d  by b in d in g  e f f e c t s .
6 . 3 . 3  CALCULATION OF NEUTRON-DEOTERON RESCATTERING
In  th e  fo l lo w in g  we show th a t  th e  2 -b ranch  s t r u c t u r e  i s  l a r g e l y  
due t o  th e  e f f e c t  of n e u t ro n -d e u te ro n  r e s c a t t e r i n g ,  a FSI fo l lo w in g  the  
p r im a ry  IA o f  f ig u r e  2 . 1 a .
The f i n a l  s t a t e  i n t e r a c t i o n  be tw een  the n e u t ro n  and th e  d e u te r ­
on i s  shown i n  f ig u r e  2 .1 b .  The c ro ss  s e c t i o n  fo r  t h i s  p ro c e s s  i n  terms 
of  th e  m easured v a r i a b l e s  in  t h e  p r e s e n t  experim ent can be w r i t t e n ,  f o l ­
lowing J .  M. Laget^®, as
d*o 1 1 1  p*pj
|M| (6 .5 )
dp 3 dO,dfi 4  1 (2jr)* maPaE 3  lp,|E.«j "  E4 P 4 3 c o s ( a )  I
a
The m a t r ix  e lem en t ,  M i s  g iven b y :
.  i  . . .  .  ,  i  i  *<a)ImI -  - 5 I M . I *  M m .I*  I f    - X  f   -----   1
18 (2jt) (4n) P 3  -  m3  + i s
In  t h e  above e x p r e s s io n ,  the e lem en ta ry  am p li tu d es  IMx I * and IMa ] are  
ta k e n  out o f  th e  i n t e g r a l  and c a l c u l a t e d  a t  q=0. T h i s  i s  an approxima­
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t i o n  w hich  we d i s c u s s  l a t e r .  The e le m e n ta ry  am p li tu d es  a re  connec ted  to  
th e  co r resp o n d in g  d i f f e r e n t i a l  c ro s s  s e c t i o n s .  (See C hapter I I I ) . A f te r  
av e ra g in g  over s p in
cm
d rfT
= (2 ) ( 2 ) ( 6 4 j t3 ) - 5 5  s , 4   I p p - * ^  <6.7)
p 4  d0 4
and
cm
V, i a a  . c m
\ |M * I  = (2) (3) (64n ) - 5 5  s l s  ------l s ' 3 ' - * - 5 3
p s dii
cm
P i  i s  t h e  pp c.m. momentum c a l c u l a t e d  f o r  zero  Ferm i momentum i n  th e
cm +
i n i t i a l  s t a t e  d e u te ro n  and p 4  i s  th e  dn c.m. momentum under the same
c o n d i t i o n .  The c o r re s p o n d in g  q u a n t i t i e s  i n  the e le m e n ta ry  am plitude of
cm cm
th e  n'd* v e r t e x  a r e  p 3  and p 3  . The f a c t o r s  (2 ) (2 )  and (2 ) (3 )  in  equa­
t i o n s  (6 . 7 ) and ( 6 . 8 ) a re  t h e  s p in  f a c t o r s  fo r  t h e  i n i t i a l  (pp) and 
( n d ) , r e s p e c t i v e l y .
The i n t e g r a l  over t a r g e t  Fermi momentum q i n  e q u a t io n  (6 . 6 ) in ­
c lu d e s  e f f e c t s  of Ferm i momentum and o f f - s h e l l  p r o p a g a t io n  o f  the i n t e r ­
m ed ia te  s t a t e  d e u te r o n .  To pe rfo rm  the  a n g u la r  i n t e g r a l ,  we r e w r i te  th e  
i n t e g r a l  i n  th e  form :
r q*dq<fr(q)d0 d ( c o s ( a ) )
j  ------------;--------------------------------------------------------  (6.9)
s 3 5  + m3  -  m3  -  2E3 JEq + 2P 3 5 q c o s (a )  + ie
w here we h av e  used t h e  c o n s e rv a t io n  o f  f o u r  momentum:
p 3 s  =  P j  + P s  =  P a  + q ( 6 . 1 0 )
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The l a s t  i n t e g r a l  o ver  c os (a )  i s  s i n g u l a r  when th e  i n t e r n a l  
momentum q l i e s  i n  th e  p h y s ic a l  r e g io n  f o r  o n - s h e l l  n e u t ro n -d e u te ro n  
s c a t t e r i n g .  The b o u n d a r ie s  o f  t h i s  p h y s ic a l  r e g io n  a re  d e f in e d  by p?*n 
and p“ ax g iv e n  by e q u a t io n  ( 4 . 1 1 ) and c o r re sp o n d ,  r e s p e c t i v e l y ,  to  back­
ward and fo rw ard  s c a t t e r i n g  i n  th e  c e n t e r —o f—mass f r a m e .A f te r  th e  i n t e ­
g r a t i o n  over  th e  two a n g le s ,  one o b ta in s
qdq^(q) q* + i a
tt( q  ----------------  lo g ----------------  ( 6 . 1 1 )
P3,  qa + i e
where we have d e f in e d  qx and q 2  as
q 3  — s j j + m, — m3  2Ej jE^ + 2P33q (6 .12a)
q 3  — $] j  m, — Hj — 2E3  jE^  2P33q (6 .12b)
To i s o l a t e  the  r e l e v a n t  f e a t u r e s  o f  t h i s  d iagram , th e  i n t e g r a l  
i s  f a c t o r i z e d  u s in g  th e  above assum ptions  and, fo l lo w in g  L a g e t ,  as
qdq$(q) . qx + i a
------------ ( - i j t 0 ( q  -  p ? BX)9 ( q  -  p f l n ) + lo g ------------ ) (6 .13 )
P j ,  qa + i e
where 0 (x )  i s  th e  s te p  f u n c t i o n .  The f i r s t  te rm  c o rre sp o n d s  to  the  on- 
2 %s h e l l  p a r t ,  P ,  -  m3= 0, where P 3  i s  th e  four-momenta of th e  v i r t u a l  deu­
t e r o n  and th e  second to  th e  o f f - s h e l l  p a r t .  Now, th e  i n t e g r a l  over q i n  
e q u a t io n  (6 .9 )  can  be e a s i l y  computed, as  th e  i n t e r n a l  n e u t ro n  i s  non- 
r e l a t i v i s t i c  and th e  d e u te ro n  i s  s t i l l  r e l a t i v e l y  slow (p = 0 . 5 c ) .  The 
ap p ro x im a tio n  i s  improved by the  f a c t  t h a t  th e  momentum d i s t r i b u t i o n  
<*(q) c u t s  down th e  h igh  momentum contribu tions.**®  We use McGee's^® p a r -
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a ra e t r i z a t io n  o f  th e  d e u te ro n  S - s t a t e  wave f u n c t i o n ,  <fr(q), w r i t t e n  i n  th e  
fo l lo w in g  form;
C. 4jtN 1 1
$(q) = 4jtN \  —  =  2 Cj  (--------- + ---------) (6 .1 4 )
q +Oj 2q ^a j
w ith  th e  w e ig h t  f u n c t i o n  Cj s u b je c t  t o  th e  s u b s i d ia r y  c o n d i t io n ,
= 0 .  T h is  i s  a good d e s c r i p t i o n  o f  most o f  th e  s ta n d a rd  wave f u n c t io n s  
fo r  th e  d e u te ro n .  The D - s t a t e  d e u te ro n  wave f u n c t i o n  c o n t r i b u t i o n ,  
which would dom inate o n ly  a t  l a rg e  p ,  v a l u e s ,  i s  n o t  ex pec ted  t o  s i g n i f ­
i c a n t l y  in f lu e n c e  the  c o n c lu s io n  o f  t h i s  s tu d y .  I n  t h i s  p a r a m e t r i z a t i o n
th e  C . ' s  and a . ' s  a re  th e  r e s id u e s  and th e  p o le  p o s i t i o n  of th e  d e u te ro n  J 1
wave f u n c t io n ,  r e s p e c t i v e l y .  N i s  th e  w a v e - fu n c t io n  n o r m a l iz a t io n ,  g iv ­
en i n  term s o f  th e  d e u te ro n  e f f e c t i v e  range p as
a 2<*o
N = --------- (6 .15)
l - a „ p
where <Xq i s  g iv e n  by th e  d e u te ro n  b in d in g  en e rg y ,  e^ ,  as
do = 1 /2  ed (mn + mp ) (6 .16)
As can be se e n ,  th e  0**1 or th e  a sy m p to tic  p o le  i s  f ix e d  by the  b in d in g  
energy  and th e  n o r m a l iz a t io n  c o n d i t i o n .  The rem ain ing  p o le s  and t h e i r  
r e s id u e s  were a d ju s t e d  by McGee**® to  f i t  th e  num erica l wave f u n c t io n  ob­
t a in e d  from th e  Hamada-Johnston p o t e n t i a l  by P a r to v i .^ *  The f i t  o b ta in e d  
i s  l i m i t e d  to  th e  in t e r m e d ia te  and s h o r t - r a n g e  r e g io n  and a t  th e  same 
time s a t i s f i e s  th e  s u b s i d ia r y  c o n d i t io n s .  I n  t a b l e  6.2,'*® th e  f iv e  
p o le s  in c lu d in g  the  a sy m p to t ic  p o le  t h a t  produce a re a s o n a b le  f i t  fo r  
th e  S - s t a t e  wave f u n c t io n s  a re  g iv e n .
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TABLE 6 .2
F i t t e d  p o le  p o s i t i o n s  and r e s id u e s  o f  th e  S - s t a t e  f o r  the  a n a l y t i c  
d e u te ro n  wave f u n c t i o n ,  e q u a t io n  ( 6 .1 4 ) .  ( r e f .  50)
N* » 0 .1563 GeV p = 0 .0269
j “j CJ
0 .0462 1 . 0
1 .2648 -0 .6 3 6 0 8
2 .5932 -6 .61500
3 .8005 15.21620
4 .9073 -8 .96510
To e v a lu a te  th e  i n t e g r a l  we ex ten d  i t  from - »  to  «  a s  th e  
in te g ra n d  i s  i n v a r i a n t  under  th e  s u b s t i t u t i o n  p ,  — - p s . E x p ress ing  th e  
argum ents  o f  the  lo g a r i th m  qx and qa in  te rm s o f  t h e i r  r o o t s  a t  +p5m^n 
and +pj®ax and s e p a r a t in g  th e  lo g a r i th m s  w i th  s i n g u l a r i t i e s  i n  th e  lower 
h a l f - p l a n e  and in  th e  upper  h a l f - p l a n e ,  th e  i n t e g r a l  becomes:
dq 1 1 q - (p “ ax+ ie )  q - (p “ in + ie )
n N jC - f ----- (--------- 1 ) ( l o g ---------- ----------+log---------------------)
P j ,  q+ io . q - i o  q - ( - p ,  n+ i s )  q - ( “P ?ax+ie)
J J
C los ing  th e  co n to u r  in  th e  h a l f - p l a n e  which does n o t  c o n ta in  th e  s ingu­
l a r i t i e s  o f  th e  lo g a r i th m ,  each i n t e g r a l  p ic k s  up th e  r e l e v a n t  p o le  ± ia -  
( th e  c o n t r i b u t i o n  o f  th e  c i r c l e  v a n i s h e s ) .  The two lo g a r i th m s  l e a d  to  
the  same c o n t r i b u t i o n  and th e  i n t e g r a l  i s
- P ? ax- i e
- ( iN )4 n  log ---------------- (6 .1 8 a )
“  J _min ■_P j
and the  above r e s u l t  can be e x p re s sed  as
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/ max.2 . * (P j ) +Cti—  ^ r U j U *
4Nn ^ C ,(  log-----  — -— r + a r c tg ( --------) + a r c tg ( — —)) (6 .18b)” J n / , m i n \ a , * „max _min2 . i n i  - - j( P j  ) +<».= p ,  p s
Comparing th e  above r e s u l t  w ith  e q u a t io n  ( 6 .1 3 ) ,  we see t h a t  
th e  im ag inary  p a r t  of th e  i n t e g r a l  co r re sp o n d s  t o  th e  o n - s h e l l  p ropaga­
t i o n  of th e  v i r t u a l  d e u te ro n ,  w hereas th e  r e a l  p a r t  c o rre sp o n d s  to  the  
o f f - s h e l l  p r o p a g a t io n .  The c o n t r i b u t i o n  o f  th e  o n - s h e l l  p a r t  i s  n e g l i ­
g i b l e  i n  th e  range  of q covered  i n  th e  p r e s e n t  d a t a ;  i t  i s  i n  th e  range 
of 5 -  10% compared to  t h a t  from th e  o f f - s h e l l  p a r t .  F u r th e rm o re ,  th e  
sums from th e  two term s i n  th e  o f f - s h e l l  p a r t  a re  comparable i n  th e  r e ­
g io n  o f  q n e a r  z e r o .  However, as P j m*n  i n c r e a s e s ,  because  th e  p 5 max term 
changes s lo w ly ,  th e  g r e a t e r  p a r t  o f  th e  c o n t r i b u t i o n  comes from the  
P jm*n  te rm .
In  e v a lu a t in g  th e  f i n a l  e x p re s s io n  which one o b ta in s  by u s in g
e q u a t io n s  ( 6 . 6 ) ,  ( 6 . 7 ) ,  ( 6 . 8 ) ,  and (6 .18b) in  e q u a t io n  ( 6 . 5 ) ,  we have
used  th e  p a r a m e t r i z a t i o n  f o r  the  pp—>-dn+ c ro s s  s e c t i o n  as  d is c u s s e d  in
Appendix B, doing th e  a p p r o p r ia t e  k in e m a t ic s  t o  d e te rm in e  energy  and
s c a t t e r i n g  a n g le .  The nd e l a s t i c  s c a t t e r i n g  c ro s s  s e c t i o n  have been ob-
52ta in e d  from th e  d a ta  of S.N. Bunker e t  a l ,  p lu s  th o se  com piled  in  t h a t  
same p a p e r .  For some of th e  i n c id e n t  n e u t ro n  e n e r g i e s  an e x t r a p o l a t i o n  
of th e  d a ta  was n e c e s s a ry .  The r e s u l t s  we p r e s e n t  below a re  th u s  t o  be 
c o n s id e re d  m o s t ly  f o r  t h e i r  q u a l i t a t i v e  f e a t u r e .
In  our a t tem p t t o  u n d e rs ta n d  th e  o r i g i n  o f  the  two b ra n c h e s  ob­
s e rv e d  in  th e  d a t a ,  we r e s o r t e d  to  t r e a t i n g  th e  r e s u l t  o f  t h i s  c a l c u l a ­
t i o n  as i f  i t  were d a t a .  As we have ana ly zed  th e  experim en t on th e  b a s i s  
o f  th e  f i r s t  o rd e r  Impulse A pproxim ation  d iag ram , th e  c ro s s  s e c t i o n  fo r
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t i l l s  p ro c e s s  in  te rm s o f  th e  measured v a r i a b l e s  i s  g iv e n  by e q u a t io n s  
( 3 . 2 ) and ( 3 . 3 ) .  Here a g a i n , ld(p5)12 i n  e q u a t io n  (3 .2 )  i s  th e  momentum 
d e n s i t y  o f  th e  d e u te r o n .  We have c a l c u l t e d  a I d ' I *  from th e  r e s u l t  of 
t h e  FSI c a l c u l a t i o n  above, u s in g  th e  IA fo rm u la ,  e q u a t io n  ( 3 . 2 ) ,  t h a t  i s  
by  d iv id in g  e q u a t io n  (6 .5 )  f o r  th e  nd r e s c a t t e r i n g  d iagram  by th e  
pp—)-dn+ c r o s s  s e c t i o n  and th e  k in e m a t ic  f a c t o r  from e q u a t io n  (3 .2 )  f o r  
t h e  s in g le  s c a t t e r i n g  d iag ram . Id*I* i s  th u s  t o  be c o n s id e re d  as  our 
e v a l u a t i o n  o f  what we would have o bserved  i n  t h i s  ex p e r im en t ,  i f  th e  nd 
r e s c a t t e r i n g  graph was th e  o n ly  mechanism c o n t r i b u t i n g  to  th e  r e a c t i o n .
I n  f ig u r e  6 .2 1 ,  we have p l o t t e d  the  Id ' |a r e s u l t  as  a f u n c t i o n  
o f  p s . A ls o ,  shown i n  th e  above f i g u r e  i s  th e  Impulse A pprox im ation  mo­
mentum d e n s i t y  ld(p*)|2 o b ta in e d  u s in g  th e  McGee a n a l y t i c  S - s t a t e  deu­
t e r o n  wave fu n c t io n  g iv e n  by e q u a t io n  (6 .1 4 )  a s ,
N2  C.
Id(p5) I* = -----r(5 ----)2 (6*19)
(2n) P j +«j
L e t  us f i r s t  c o n s id e r  th e  r e l a t i v e  s t r e n g t h  i n  th e  r e s c a t t e r i n g  
c o n t r i b u t i o n  of th e  i n t e g r a l  and th e  nd a m p li tu d e ,  Ma , i n  th e  two 
b ra n c h e s .  The r a t i o s  o f  the  i n t e g r a l  i n  the  two b ran ch e s  i s  ap p rox im ate­
ly  1  a t  l a r g e  n e u t ro n  r e c o i l ,  and t h e r e f o r e ,  th e  s e p a r a t i o n  o f  th e  two 
b ran ch e s  i s  m os tly  th e  r e s u l t  o f  th e  d i f f e r e n c e  in  th e  p r o b a b i l i t y  fo r  
nd r e s c a t t e r i n g ,  b e in g  ap p ro x im a te ly  7 .  However, a t  low p ,  th e  r a t i o s  
a re  b o th  d i f f e r e n t  from 1 , i n d i c a t i n g  t h a t  th e  s e p a r a t i o n  in t o  two 
b ran ch e s  i s  as  much th e  r e s u l t  o f  s t r u c t u r a l  e f f e c t  as  o f  d i f f e r e n t  nd 
r e s c a t t e r i n g  p r o b a b i l i t i e s  i n  th e  two b ra n c h e s .  To i l l u s t r a t e  t h i s .  
T ab le  6 .3  g iv e s  r a t i o s  of the  two b ran ch e s  f o r  th e  i n t e g r a l  and th e  nd
110
2 ^
(am p l itu d e )  . The r e s u l t  o f  t h i s  c a l c u l a t i o n  shows t h a t  l<)'| rem ains
c o n s ta n t  a t  ap p ro x im a te ly  5 (fm ) 3  f o r  th e  upper b ran ch  and 0 .5  ( fm )3) 
f o r  th e  lower b ra n c h ,  f i g u r e  6 . 2 1 .
In  f i g u r e  6 .2 1 ,  one o th e r  r e s u l t  shown i s  t h a t  of th e  combina­
t i o n  o f  the M ' l * ,  o b ta in e d  w ith o u t  any i n t e r f e r e n c e  w i th  th e  p r im ary  
l d ( p j ) | 3  o b ta in e d  from McGee's p a r a m e t r i z a t i o n  o f  th e  S - s t a t e  d e u te ro n  
wave f u n c t io n .  T h is  com bination  was o b ta in e d  by add ing  th e  above two 
te rm s p lu s  the  c r o s s  term  o f  th e  a m p li tu d e s .  The r e l a t i v e  phase o f  the 
IA and r e s c a t t e r i n g  p ro c e s s  i s  n o t  a f r e e  p a ra m e te r  i f  one n e g l e c t s  i n i ­
t i a l  s t a t e  i n t e r a c t i o n  ( IS I )  and FSI in  IA. A more e l a b o r a t e  c a l c u l a t i o n  
in v o lv in g  such e f f e c t s  would le a d  to  a d i f f e r e n t  phase  and th u s  d i f f e r ­
en t  r e s u l t s .
TABLE 6.3
R a t io s  of the  two b ran ch es  based  on the  i n t e g r a l  and th e  nd am p li tude
2
p s (GeV/c) n d (a m p li tu d e )  i n t e g r a l
.046 3 .25 2 .40
.080 7.33 1 .36
6 . 3 . 3 . 1  DISCUSSION
The pd—>dn+n r e a c t i o n  i s  observed  t o  b a s i c a l l y  p roceed  th rough  
a q u a s i - f r e e  p r o c e s s  w ith  a n e u t ro n  s p e c t a to r  i n  th e  r e g io n  o f  phase 
space s tu d ie d  i n  th e  p r e s e n t  e x p e r im e n t .  A lthough u n d e r s ta n d in g  th e
Ill
r o l e s  t h a t  s in g l e  and double s c a t t e r i n g  (FSI) p ro c e s s e s  p la y  i n  the  
o v e r a l l  am plitude  i s  n e c e s s a ry  t o  g ive  a f u l l  i n t e r p r e t a t i o n  o f  the  
d a ta ,  th e  r e s u l t  o f  ou r c a l c u l a t i o n  shown in  f i g u r e  6 . 2 1 , i s  o n ly  a 
q u a l i t a t i v e  g u id e .  A p p a ren t ly  what i s  needed i s  a n e u t ro n -d e u te ro n  FSI 
c o n t r i b u t i o n  s in c e  th e  o v e r a l l  shape o f  th e  s p e c t r a  a re  w e l l  r e p r e s e n te d  
by th e  pp—>dn+ p r o c e s s .  The FSI p ro c e s s  p la y s  th e  dominant r o l e  i n  the  
upper b ran ch  f o r  th e  range  o f  p ,  shown. However, t h i s  r o l e  i s  r e v e r s e d  
fo r  d a t a  p o i n t s  i n  th e  low er b ra n c h  in  th e  range of p f below 80 MeV/c. 
FSI becomes dominant a g a in  in  th e  lower b ran ch  above 80 MeV/c r e c o i l .
A lthough th e  b e h a v io u r  o f  th e  two am p li tu d es  combined shows 
f e a t u r e s  i n  q u a l i t a t i v e  agreem ent w i th  th e  d a t a ,  we a re  n o t  a b le  t o  r e ­
produce e i t h e r  the  m agnitude o r  th e  c o r r e c t  shape o f  th e  d a t a .  The FSI 
r e s u l t  c l e a r l y  e x p la in s  one im p o r ta n t  f e a t u r e  o f  the  d a t a ,  namely the  
s e p a r a t io n  i n t o  two b ra n c h e s .  The o r i g i n  o f  t h i s  s e p a r a t io n  i s  se e n  to  
be i n  the  v e ry  d i f f e r e n t  a m p li tu d e s  f o r  nd r e s c a t t e r i n g .  However, the 
FSI c a l c u l a t i o n  seems t o  g ive  to o  la rg e  an enhancement t o  the  IA p ro ­
c e s s .  One r e a s o n  f o r  t h i s  may be t h a t  i n  e v a lu a t in g  th e  i n t e g r a l ,  b o th  
the  pp and th e  nd a m p li tu d e s  were f a c t o r e d  ou t  o f  the  i n t e g r a l .  As th e se  
am p li tu d es  depend on th e  n uc leon  momentum, t h i s  i s  a d o u b tfu l  p ro c e d u re .  
A lthough th e  energy  and momentum t r a n s f e r  dependence of th e  pp—>dn+ am­
p l i t u d e  i s  known, no p r a c t i c a l  p a r a m e t r i z a t i o n  o f  the nd am p litude  i s  
p r e s e n t l y  a v a i l a b l e ,  and t h e r e f o r e  we can n o t  e s t im a te  how the  am plitude  
dependence on th e  n u c le o n  momenta would i n f lu e n c e  th e  r e s u l t  o b ta in e d  in  
the  p r e s e n t  c a l c u l a t i o n ;  such an e s t im a te  would r e q u i r e  n u m erica l  i n t e ­
g r a t i o n ,  b u t  th e  f a c t o r i z a t i o n  ap p ro x im a tio n  on th e  o th e r  hand a l low ed  
us to  p erfo rm  th e  i n t e g r a l  a n a l y t i c a l l y .
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6.4 CONCLUSION
The Im pulse ap p ro x im a tio n  i s  u s u a l l y  c o n s id e re d  th e  a p p r o p r ia te  
mechanism to  e x t r a c t  momentum d i s t r i b u t i o n s  from q u a s i - f r e e  c ro s s  s ec ­
t i o n s  o b ta in e d  in  ex p er im en ts  in v o lv in g  l i g h t  n u c l e i .  However, even f o r  
sm all r e c o i l s ,  a number o f  e f f e c t s  can c o n t r i b u t e  t o  make t h i s  c o n s id e r ­
a t i o n  i n a p p r o p r i a t e .  One such e f f e c t  i s  FSI among the  r e a c t i o n  p ro d ­
u c t s .
What we have u n d e r ta k e n  h e re  i s  t o  check th e  v a l i d i t y  of IA in  
a s i t u a t i o n  where th e  number o f  d i f f e r e n t  mechanisms p ro d u c in g  d e v ia ­
t i o n s  from i t  i s  s m a l l .  The cho ice  of th e  djr+n f i n a l  s t a t e  has  th e  ad­
van tage  o f  su p p re s se d  FSI i n  th e  n+n channe l b ecause  o f  th e  i s o s p i n  se­
l e c t i o n  r u l e s  c o n s t r a in in g  i t  to  the  I  = 1 /2  s t a t e .  The nex t most 
im p o r ta n t  FS I e f f e c t  th e n  in v o lv e s  nd r e s c a t t e r i n g .  The d a ta  o b ta in e d  
h e re  con f irm  t h a t  n n  r e s c a t t e r i n g  p la y s  no d e t e c t a b l e  r o l e .  However, nd 
r e s c a t t e r i n g  i s  r e s p o n s ib le  f o r  th e  s y s te m a t ic  and v e ry  s t r i k i n g  s p l i t ­
t i n g  o f  th e  d a ta  i n t o  2 -b r a n c h e s ;  t y p i c a l l y  th e  same r e c o i l  p ,  can be 
o b ta in e d  i n  two d i f f e r e n t  ways; w i th  n e g l i g i b l e  nd r e s c a t t e r i n g  w i th  a 
p r o b a b i l i t y  com pa tib le  w ith  th e  IA, and w i th  s t ro n g  nd r e s c a t t e r i n g ,  th e  
l a t t e r  b e in g  th e  more l i k e l y  p ro c e s s  by a f a c t o r  o f  about 3 .
The p r e s e n t  experim en t a l low ed  f o r  a more d e t a i l e d  s tu d y  o f  th e
2 +
H (p,dn  )n  r e a c t i o n  th a n  th e  p re v io u s  one perfo rm ed  i n  th e  same k in e m a t-  
i c  r e g io n  by Lo e t  a l I n  t h a t  s tu d y ,  o n ly  a s u b s e t  o f  our m easure­
ments were in v o lv e d .  For exam ple, t h e i r  experim en t spanned th e  r e g io n  
o f  phase  space of th e  f i n a l  s t a t e  based  on 13 0 j / 0 4  ang le  p a i r s  w hereas
o u rs  amounts t o  168 p a i r s .  As a r e s u l t  th e  range o f  S3 4 , S j j  and s 4 4 . 
covered  in  ou r  d a ta  f o r  each o f  th e  n e u t ro n  r e c o i l  momenta, p 5, i s  su b -
113
s t a n t i a l y  w ider th a n  t h e i r s .  This  a t t r i b u t e  o f  our d a ta  enab led  us to  










F ig u re  6 .1 :  th e  r e s u l t  o f  the  Monte C arlo  s im u la t io n  f o r  0 3 = 11° ,





























Figure 6.2a: The cross section, as a function of the neutron recoil
momentum, ps for §, = 11° and p3 = 860 MeV/c
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Figure 6.2b: The neutron momentum distribution in the deuteron for 0S =









0 *0 4 . 6 -o'! 
p5  C G ev/c') ©■la
The cross section as a function of the neutron recoil
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Figure 6.3b: The neutron momentum distribution in the deuteron for 5,
110 and pt = 979 MeV/c
jure 6.4a: The cross section as a function of the neutron recoil
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Figure 6.4b: The neutron momentum distribution in tbe deuteron for 03
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F ig u re  6 .5 a :  The c ro s s  s e o t io n  a s  a f u n c t io n  of th e  n eu tron  r e c o i l  




Figure 6.5b: The neutron momentum distribution in the deuteron for fls
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Figure 6.6a: The cross section as a function of the neutron recoil
momentum, p5 for §, =13° and pj = 1054 MeV/c
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Figure 6.6b: The neutron momentum distribution in the deuteron for 0a =
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a f u n c t i o n  o f  th e  n e u t ro n  r e c o i l  
momentum, ps f o r  0 ,  = 15° and p* = 7 8 9  MeV/c
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F ig u re  6 .7 b :  The n e u t ro n  momentum d i s t r i b u t i o n  in  th e  d e u te ro n  f o r  0
15° and p ,  = 789 MeV/c
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Figure 6 .8a : The cross section as a function of the neutron recoil
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Figure 6.8b: The neutron momentum distribution in the deuteron for
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Figure 6.9a: The cross section as a function of the neutron recoil
momentum, Pi for = 15° and = 1053 MeV/c
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F ig u re  6 .9 b :  The n e u t ro n  momentum d i s t r i b u t i o n  i n  th e  d e u te ro n  f o r  6














Figure 6.10a: The cross section as a function of the neutron recoil
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Figure 6.10b: The neutron momentum distribution in the deuteron for 03
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The cross section as a function of the neutron recoil
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Figure 6.11b: The neutron momentum distribution in the deuteron for 5*
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Figure 6.12b: The neutron momentum distribution in the deuteron for 63














Figure 6,13a: The cross section as a function of the neutron recoil
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Figure 6.13b: The neutron momentum distribution in the deuteron for 03





Figure 6.14: The neutron momentum distribution as a function of




Figure 6.15: The neutron momentum distribution as a function of M4J for
typical values of p, at 03 = ll°p, = 979 MeV/c
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Figure 6.16: The momentum distribution in the deuteron from the
d(e,e'p)n reaction at 500 MeV obtained by Bernheim et al.
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F ig u re  6 .1 7 :  The com parison  of th e  r e s u l t  shown i n  f i g u r e  6 .15  w i th





F ig u re  6 .1 8 :  The c ro s s  s e c t i o n  as  a f u n c t io n  o f  the  n e u t ro n  momentum p 5
from Lo e t  a l .^®
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Figure 6.19: The neutron momentum distribution extracted from the cross
section presented in figure 6.18
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F ig u re  6 .2 0 :  The sch e m a tic s  o f  th e  r e a c t i o n  A (x ,yz)B  w ith  b in d in g
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F ig u re  6 .2 1 :  The r e s u l t  of th e  c a l c u l a t i o n  f o r  th e  n e u t ro n  momentum
d i s t r i b u t i o n  w i th  nd r e s c a t t e r i n g  c o r r e c t i o n  to  th e
Appendix A 
DERIVATION OF SOME EQUATIONS
To e v a lu a te  e q u a t io n  ( 3 . 6 ) ,  we may f i r s t  w r i t e  th e  r e l a t i v e  
v e l o c i t y  as
Via = P i / E x -  p » /E a (A .l)
and s u b s t i t u t i n g  f o r  Ea and Ea , one o b ta in s
4 1 * a 2  a ]  j
= l / E i E a ( ( p i p a ) -mima (p ix p 3) ) (A.2)
I n  a g e n e r a l  fram e, c e r t a i n l y  i n  th e  c e n t e r - o f - m a s s ,  th e  beam and t a r g e t  
p a r t i c l e s  a re  p a r a l l e l  and under t h i s  c i ru m s ta n c e ,  th e  t h i r d  term  in  
e q u a t io n  (A .2) i s  z e ro ,  g iv in g  th e  i n v a r i a n t
cm cm * * 4  a a ■»
Via = 1 /E i  Ea ( (p iP a )  "  “ im*) (A .3)
E q u a t io n  (A.3) depends o n ly  on th e  in g o in g  p a r t i c l e s  and comes from th e  
f l u x .  E v a lu a t in g  th e  f i r s t  te rm  in  e q u a t io n  (A .3) i n  th e  l a b o r a t o r y ,  one 
g e t s
cm cm
Via = ma P a /E i  Ea (A .4)
f o r  P i  = 0 .
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Appendix B
PARAMETRIZATION OF THE PP-H)rt+ CROSS SECTION
The f r e e  c e n te r -o f -m a s s  c ro s s  s e c t i o n  i s  u s u a l l y  ana lyzed  u s in g  
the  phenom enolog ica l th e o ry  o f  Gell-m ann and W atson ,^3 b ased  on t r a n ­
s i t i o n s  betw een a n g u la r  momentum s t a t e s .  For r e g io n  n e a r  th r e s h o ld  and 
f o r  a s h o r t  range i n t e r a c t i o n  , t h i s  l e a d s  t o  the  e x p re s s io n s  f o r  th e  
t o t a l  c ro s s  s e c t i o n .
Op = an + Pn* ( B . l )
and th e  d i f f e r e n t i a l  c r o s s  s e c t i o n ,
do
  = k_(A0 + cos*04) (B .2)
d£l4
i f  one c o n s id e r s  o n ly  s-wave and p-wave p io n s  in v o lv in g  3 - t r a n s i t i o n s  
betw een a n g u la r  momentum s t a t e s .  The f i r s t  and second te rm s a re  f o r  s -  
wave and p-wave p io n  p r o d u c t io n ,  r e s p e c t i v e l y .  The th r e e  p o s s i b l e  t r a n ­
s i t i o n s  a re  (1) th ro u g h  (3) g iv e n  i n  t a b l e  B . l .  The p -p  s t a t e  i s  de­
s c r ib e d  in  th e  s ta n d a rd  n o t a t i o n  ^ s+^ L j i  th e  f i n a l  s t a t e  i s  d e s c r ib e d
%
as a d e u te ro n  s y m b o l ic a l ly  e x p re s sed  as  th e  S ^ s ta t e  o n ly  and an s -  o r  
p -  wave p io n ,  th e  f i n a l  s u b s c r i p t  i n d i c a t i n g  th e  t o t a l  a n g u la r  momentum 
of  th e  s t a t e .  I f  d -  and f-wave p io n s  a re  in c lu d e d  th e r e  a re  6 more t r a n ­
s i t i o n s ,  and th e y  a re  (4) th ro u g h  (9) i n  t a b l e  B . l .
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TABLE B . l
T r a n s i t i o n s  i n  th e  pp—>dji+ r e a c t i o n  in v o lv in g  s -  , p - ,  d - ,  and f-wave






As th e r e  were few measurements a v a i l a b l e  a t  t h a t  t im e . 
Gell-Mann and Watson were fo rc e d  t o  assume t h a t  a ,  0 ,  and A0 were con­
s t a n t .  A more d e t a i l e d  c a l c u l a t i o n  made much l a t e r ,  however, by 
Re i t  an*’'* and subsquen t a u th o rs ,* ’*’ showed t h a t  a  and 0 can v a ry  q u i t e  
s i g n i f i c a n t l y  w i th  en e rg y ,  even n e a r  th r e s h h o l d .  W ith in  th e  framework 
of G ell-H ann and Watson model, R ic h a rd  S e r re  e t  a l . ^ *  and l a t e r  J .  
S p u l l e r  and D .F .  M easd ay ^  have o b ta in e d  th e  b e s t  v a lu e  f o r  a ,  0 ,  and 
A0 . The form o f  th e  d i f f e r e n t i a l  c r o s s  s e c t i o n  a p p r o p r ia t e  f o r  th e  en­
e rg y  o f  the p r e s e n t  experim en t i s  one t h a t  was f i t t e d  t o  th e  p a r a m e t r i -  
z a t io n ,^ *
cm a cm 4 cm
 Ip p -H n + = kp (Ao + cos e < “  Aa cos e 4 ) (B .3)
dfl4
The f i r s t  two te rm s i n  e q u a t io n  ( B . l )  accoun t f o r  th e  p ro d u c t io n  o f  s -
4 cm
and p-wave p io n s  w h ile  cos 0 4 p ro v id e s  f o r  th e  p ro d u c t io n  o f  d and f —
57-6 8wave p io n s .  The c o e f f i c i e n t s  a r e  b a se d  on e x p e r im e n ta l  d a ta  fox  A0




















A0 = .2 1 (1  + a / p q * ) , A, = .25q (B .4)
where a  = 0 .2 7 .  P ** .55 and q i s  th e  p io n  c e n te r -o f -m a s s  momentum in  
u n i t s  o f  the  p ro to n  mass m4 . To d e te rm in e  kp, we compared th e  t o t a l  
c ro s s  s e c t i o n ,
<A0 + 1 /3  -  Aa/5 )  (B.5)
w i th  th e  r e s u l t  from r e f .  38, s in c e  i t  in c lu d e d  d a ta  from r e f .  58 t h a t  
R ic h a rd  S e r re  e t  a l .  d i s r e g a r d e d  and i s  i n  the  form ,
ffp = aq -  0 .2q*  + Pq* + q* -  Pq* (B .6)
E q u a t io n  (B.6) r e p r e s e n t s  n e i t h e r  an improved nor  w orsened  f i t  th a n  t h a t
3 3o f  R ic h a rd  S e r re  e t  a l . ,  as  ju d g ed  by X / v  c r i t e r i o n .  The X / v  i s  1 .1  
f o r  26 d e g re e s  o f  freedom  f o r  e q u a t io n  (B .6 ) ,  w hereas  i t  i s  1 .05  f o r  
v-21 i n  th e  case  o f  R ic h a rd  S e r re  e t  a l .  T h is  co v e rs  an en e rg y  r e g io n  
o f  q i l . 5 5 ,  and our d a t a  i s  w e l l  w i th in  t h i s  r e g io n .  The en e rg y ,  T^ and 
q dependence o f  or i s  shown in  f i g u r e  B . l  ta k en  from r e f .  38 .
Jr
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56.1: Comparison of the fits for a Richard Serre et al. and
t h a t  o f  J .  S p u l l e r  e t  a l .
PLEASE NOTE:
This page n o t included with 
original m aterial. Filmed as 
received.
University M icrofilms International
Appendix C 
MONTE CARLO SIMULATION OF THE EXPERIMENT
In  th e  Monte C a r lo  s im u la t io n  o f  the  exp er im en t ,  e v e n ts  v e re  
chosen  w i th  a un ifo rm  p o p u la t io n  o f  th e  f iv e -d im e n s io n a l  phase  space 
volume d e f in e d  by:
was s a id  to  be i n  i t  i f  eac h  one o f  th e  f i v e  k in e m a t ic  e lem en ts  in  equa­
t i o n  (C .2) had v a lu e s  to  w i th i n  t h e i r  r e s p e c t i v e  a c c e p ta n c e s .  The den­
s i t y  o f  e v e n ts  n ( k 5) p e r  u n i t  volume o f  the  f i v e  d im en s io n a l  phase 
sp a c e ,  p o p u la te d  w i th  some d i s t r i b u t i o n  P(At ) ,  i s  de te rm ined  a s
A random and u n ifo rm  p o p u la t io n  o f  th e  phase  space c o rre sp o n d s  to
The denom inator  i n  e q u a t io n  (C .4) i s  th e  f iv e -d im e n s io n a l  volume of th e  
phase  space a c t u a l l y  p o p u la te d  i n  th e  c a l c u l a t i o n  and Nt  i s  th e  t o t a l  
number o f  e v e n ts  t r i e d .  Now, i f  e v e n ts  t r i e d  a r e  randomly s e l e c t e d  sub­
j e c t  to  a s e t  of c o n d i t io n s  then  P (A j) i s  m o d if ied  as
A j  — A s J 4 A t i 4 A u 2 j A ^ A X (C.l)
and an ev e n t  w i th








P ( A j )  =  ------- T ( A 5) ( C . 5 )
(a^ mc
where T(A3) i s  th e  p r o b a b i l i t y  t h a t  an ev en t w i th  s p e c i f i e d  s e t  o f  v a l ­
ues  in  th e  phase space v a r i a b l e s  a c t u a l l y  be t r a n s m i t t e d  and must have a 
s p e c i f i e d  v a lu e  o f  e i t h e r  1  o r  0  f o r  each c o n d i t io n  o r  s e t  o f  c o n d i t io n s  
however co m p lica ted  i t s  dependence maybe on th e s e  v a r i a b l e s .  
C onsequen tly  n<A4) , w ith  l i m i t s  o f  i n t e g r a t i o n  changed to  a c tu a l  r e g io n  
o f  p o p u la t io n  becomes
Nt  r
= 1 IT (A 5 ) ds 3  4  d t  1 4  dua 5  dijdX (C . 6 )
<A s>MC (a * H ic
To de te rm ine  nj|Q(k5) ,  a computer program s im u la t in g  th e  p r e s e n t  
ex p e r im en t ,  was w r i t t e n  to  p ro cceed  in  th e  fo l lo w in g  sequence: ( 1 )
Randomly choose th e  (k s ) o f  an ev en t co rre sp o n d in g  to  th e  i n t e r v a l s  in  
<A4) de te rm ined  by  exam ina t ion  o f  th e  d a t a .  S ince  k 5  i s  n o t  the  s e t  of 
th e  p r im ary  v a r i a b l e s  o f  th e  ex p e r im en t ,  i t  was n e c e s s a ry  to  f in d  the  
r e l a t i o n  among th e s e  d e r iv e d  v a r i a b l e s ,  d e f in in g  th e  boundary  o f  th e  hy­
p e r s u r f a c e  in  term s o f  the  boundary  d e f in e d  by th e  measured v a r i a b l e s ,  
so t h a t  b o u n d a r ie s  of gambling were as  c lo se  as  p o s s i b l e  to  th e  r e g io n  
o f  i n t e r e s t .  I t  was found a b s o l u t e l y  e s s e n t i a l  to  s im u la te  the  e x p e r i ­
ment f o r  each  p io n  channe l to  accum ula te  enough s t a t i s t i c s .  These compu­
t a t i o n a l  l i m i t a t i o n s  c o u ld ,  o f  course  have been  overcomed w i th  a f a s t e r  
computer o r  by b e in g  ab le  to  use  the  IBM-370/158 computer f o r  th e  time 
r e q u i r e d  f o r  accum ula ting  th e  r i g h t  s t a t i s t i c s .  (2) Check w hether the  
( k s ) chosen  s a t i s f i e s  th e  4-momentum c o n s e r v a t io n .  (3) I f  b o th  p a r t i c l e s
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a re  s u c c e s s f u l ly  t r a n s m i t t e d ,  b in  t h i s  ev e n t in  a 2 -d im e n s io n a l a r r a y  o f  
Mi4 v s  p s , as i n  th e  d a t a .  T h is  sequence was re p e a te d  u n t i l  s t a t i s t i c s  
were s u f f i c i e n t l y  a c c u r a te .  The r e s u l t  g iv e n  in  c h a p te r  VI i s  f o r
Nt
N_ = -----------------  (C .7)
The d i s t r i b u t i o n  o f  i s  p r o p o r t io n a l  to  th e  r e l a t i v e  phase space popu­
l a t i o n  in  t h i s  e x p e rim en t.
I t  i s  a sim ple m a tte r  to  c a l c u la te  th e  in v a r i a n t s  s , 4 , t 14, 
and, u a J , g iv e n  th e  momenta o f  th e  2 i n i t i a l  and 3 f i n a l  s t a t e  p a r t i c l e s  
in  a s p e c f ic  c o o rd in a te  system  (see  C hap ter I I ) .  However h e r e ,  one needs 
to  r e v e r s e  t h i s  p ro ced u re  i n  p re p a r in g  th e  Monte C arlo  program , th a t  i s  
r e c o n s tr u c t in g  a l l  th e  c e n tre -o f -m a s s  and l a b r a to r y  momenta g iv e n  th e  
th re e  L o ren tz  s c a l a r s  s s 4 , t 14 , and u aJ and g , th e  az im u th a l an g le  o f 
th e  s c a t t e r in g  p la n e  in  th e  c e n te r -o f -m a s s  c o o rd in a te  system  (se e  f ig u r e  
3 .1 ) ,  and k,  a second  az im u th a l an g le  w hich r e t a i n s  th e  same v a lu e  in  
th e  c e n te r -o f -m a s s  and la b o ra to r y  system s (see  f ig u re  C . l  and su b seq u en t 
e x p la n a t io n ) .  U sing th e  th r e e  L o re n tz  in v a r i a n t  s c a l a r s ,  one can  imme­
d i a t e l y  w r ite  down a s e r i e s  o f e q u a t io n s .  We f i r s t  d e f in e  th e  t o t a l  en­
ergy  o f  p a r t i c l e s  3 and 4 in  th e  f i n a l  s t a t e ,
E14= E} + E4 . (C .8)
Ea4 i s  c a lc u la te d  from c o n s e rv a t io n  o f en erg y  and u s in g  th e  d e f i n i t i o n  
o f u as g iv e n  in  e q u a tio n  ( 2 .5 e ) ,
% % ms -  ma + u aJ
E34 » Ea + ----------------------- . (C .9)
2m,
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R e c a llin g  p » th e  r e l a t i v e  v e lo c i ty  o f th e  la b o ra to ry  and th e  
c e n te r -o f -m a ss  system  fo r  p a r t i c l e s  3 and 4 (see  f ig u r e  C . l ) , can now be 
c o n v e n ie n tly  e x p re s se d  in  te rm s of s 34 and e q u a tio n  (C .9) to  o b ta in  i t s  
m ag n itu d e ,
JL
. _ J  2
( E J  4 — S 3 4 )
P = ------------------- . (C .10)
E , 4
cm
I t s  d i r e c t io n s  w ith  r e s p e c t  to  Px and Px , (see  f ig u r e  C . l )  a re  ob­
ta in e d  u s in g  L o re n tz  t r a n s fo rm a t io n .  They a re
cm
Ei -  -yEi





Go -  cm (C .12)
YPPi
cm
where Ex and y a re  c a lc u la te d  from s 34 and u l f :
2
cm S J 4  "  U 2 S +  m i




y = ----- . (C .14)
Ml 4
E q u a tio n  (C .10) and th e  d i r e c t i o n  Gp d e f in e  (see f ig u r e  C .l)  th e  L o re n tz  
tr a n s fo rm a tio n  from  th e  la b o ra to r y  to  th e  c e n tre -o f-m a s s  fram e o r v ic e  
v e r s a .
157
The c e n tre -o f -m a s s  momenta a re  d e f in e d  by s s 4  and n 2 s :
i  a x a jl
cm cm < < s 3 4  “ (mi + u 3 J ) ) ( s , 4  -  (rax -  u3 J ) ) )*




Cm Cm t ^ S J 4  — ® 4 )  ) t s 3 4  — t m j  ~  ® 4 )  ) )
P i = P 4  -  ---------------------------------------------------------------------------  (C .16)
2MI4
cm cm
The c e n te r -o f -m a s s  an g le  betw een Pa and P 4  i s  c a l c u la te d  from  t x 4  and 
i s  g iv e n  as
cm cm i  3  
cm *14 + 2E i E4  -  mx -  m4  
c o s (0 4  ) — cm cm (C .17)
2P i P 4
cm
w here E4  i s  c a lc u la te d  from s > 4  as
cm s 3 4  -  m, + m4
E4  = -------------------------. (C .18)
2M,4
W ith th e  in fo rm a tio n  th u s  f a r  and w ith  v a lu e s  f o r  X and £ , we
cm cm
can now r e c o n s t r u c t  th e  c e n tre -o f -m a s s  momenta P , and P 4  . Th n ex t 
s te p  would th e n  be to  tra n s fo rm  th e se  momenta to  th e  la b o ra to r y  system  
i f  th e  in c id e n t  beam d i r e c t i o n ,  shown in  f ig u r e  C . l  was chosen  as  th e  
p o la r  a x i s .  However, th e  L o re n tz  t r a n s fo rm a tio n  betw een  th e  la b o ra to ry  
and th e  c e n te r -o f -m a s s  fram es i s  n o t p a r a l l e l  to  th e  beam, so t h a t  X 
would tra n s fo rm  in  a co m p lica ted  way. B u t, choosing  th e  d i r e c t i o n  o f 0 
as th e  p o la r  a x is  abou t w hich X i s  to  be d e f in e d  c o n v e n ie n tly  s o lv e s  
t h i s  d i f f i c u l t y .  See f ig u r e  C . l .
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Figure C.l: The definition of X in terms of the laboratory coordinates.
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In  th e  fram e o f t h i s  c h o ic e , X r e t a i n s  th e  same v a lu e  in  b o th  system s
and to  be s p e c i f i c ,  c o n s id e r  th e  fo llo w in g .  I n  th e  c e n te r -o f -m a s s  system/
one has
cm
Pa = -yma0 (C .19)
u s in g  th e  L o re n tz  t r a n s fo rm a tio n  (n o te  t h a t  p a = 0 ) .  The s ta te m e n t o f
e q u a tio n  (C .19) i s  t h a t  A. r e p r e s e n ts  th e  az im u th a l o r i e n t a t i o n  o f th e
s c a t t e r in g  ev e n t around an a x is  p a r a l l e l  to  th e  momentum o f th e  in c id e n t
t a r g e t  n u c le u s .  See f ig u r e  C . l .  Now, ta k e  any v e c to r  p e rp e n d ic u la r  to  
cm cm cm
th e  (Pa -  P s -  P 6 ) s c a t t e r in g  p la n e  ( th e s e  3 v e c to r s  a re  c o p la n a r  in
any c o o rd in a te  system  b ecau se  o f  momentum c o n s e r v a t io n ) . Such a v e c to r
w i l l  a ls o  be p e rp e n d ic u la r  to  0 as  can be o b ta in e d  from  e q u a tio n  (C .1 9 ).
cm cm
I f  t h i s  p e rp e n d ic u la r  v e c to r  i s  ta k e n  to  be P } xPa , f o r  exam ple, th e n
cm cm cm
P j xPa = yma0xPa « (C .20)
We can  now d e f in e  X to  be th e  an g le  betw een  t h i s  norm al v e c to r  and th e  
v e r t i c a l  d i r e c t i o n  as shown in  f ig u r e  C . l .
I n  t h i s  p i c tu r e ,  th e  f i r s t  s te p  w i l l  th e n  be to  f in d  th e  t r a n s ­
fo rm a tio n  to  th e  new c o o rd in a te  sy stem . T h is  i s  accom plished  by th re e  
s u c c e s s iv e  r o t a t i o n s  th ro u g h  E u le r ia n  a n g le s .  See f ig u r e  C .2 . The se ­
quence i s  s t a r t e d  by r o ta t in g  th e  i n i t i a l  system  o f axes (x a , y x , z a ) 
c lo ck w ise  by an a n g le ,  o x = - ( k  -  n /2 )  abou t z a a x is  g iv in g  th e  t r a n s ­
fo rm a tio n
c o s ( a a ) s i n ( a x) 0
y* = - s i n ( a x) c o s (o i) 0 73. (C .21)
0 0 1 Zl
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In  th e  second s ta g e  th e  in te rm e d ia te  a x es , ( i 1( y a , z 3) a re  r o ta te d  
abou t y a a x is  c lockw ise  th ro u g h  an a n g le .
cm
° a  — ~ — Op ) (C .22)
where th e  a n g le s  on th e  r i g h t  a re  g iv e n  by e q u a tio n s  (A .10) and (A .11) 
T h is  g e n e ra te s  th e  t r a n s fo rm a tio n ,
c o s (a a ) s i n ( a a ) 0
y 3 s. 0 1 0 y a
z 3 s i n ( a a ) 0 c o s ( a a )
(C .23)
F in a l ly  th e  {xs , y , , z 3) axes a re  r o ta t e d  co u n te rc lo c k w ise  by an g le  £
about ZJ to produce th e  d e s ir e d system of
*4 c o s(£ ) s in (£ ) 0 x a
y* - -s in (2 j) co s(£ ) 0 y*
Z4 0 0 0 Zj
(C .24)
The e lem en ts  o f  th e  com plete tr a n s fo rm a tio n  can be o b ta in e d  by
w r i t in g  th e  m a tr ix  as  th e  t r i p l e  p ro d u c t o f th e  s e p a ra te  r o t a t i o n s .  Now,
cm
i f  we d eno te  t h i s  p ro d u c t m a tr ix  o f E u le r  r o t a t i o n  as R(A, !j ,©p ,0p ) ,  
th e n  we can  w r i te  th e  g e n e ra l r e s u l t  in  th e  form :
x4 x a
cm
y* = R U ,s , e p , e p ) y x (c .2 5 )
Z 4 Z a
The in v e rs e  m a tr ix  w hich we a re  a f t e r  i s  s im p ly  o b ta in e d  as th e  t r a n s ­




F ig u re  C .2: Geometry o f the  3 su c c e s s iv e  r o ta t io n s  th rough  E u le r ia n
a n g le s .
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(C .26)
a 3l S u
where
a n  = c o s ta i J c o s f a a J c o s t^ )  + s i n ( a x) s in (£ )  
a ia  = c o s (a x) c o s ( a a )s in { £ )  -  s i n ( a x)c o s (£ )
a xs = c o s (a x) s i n ( a a)
a aX = c o s (a a ) c o s ( £ ) s i n ( a x) -  c o s ( a x) s in (£ )
a aa = c o s (a a ) s i n ( a x) s in ( £ )  + c o s ( a x)co s(£ ) (C .27)
a aJ = s i n ( a a ) s i n ( a x) 
a 3X = - s i n ( a a )c o s (£ )  
a aa = - s i n ( a a ) s in ( £ )  
a 33 = c o s (a a )
We employ e q u a tio n  (C .26) to  o b ta in  th e  la b o ra to ry  q u a n t i t i e s  
in  th e  new c o o rd in a te  system  once we have c a lc u la te d  th e  c rre sp o n d in g  
ones in  th e  o ld  fram e b y  u sin g  th e  g e n e ra l iz e d  L o re n tz  t r a n s fo rm a tio n .
b o o s t(w ith o u t r o t a t i o n )  in  an a r b i t r a r y  d i r e c t i o n  o f  some v e c to r ,  P one 
has
The b o o s t v e c to r ,  £ ca n  be w r i t t e n  in  te rm s of th e  r e l a t i v e  v e l o c i ty  0 
as
To o b ta in  th e  g e n e ra liz e d  L o re n tz  tr a n s fo rm a tio n ,  c o n s id e r  a
M = e“ «P (C .28)
£ = JTtanh-1(P) (C.29)
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where f! i s  a u n i t  v e c to r  in  th e  d i r e c t i o n  o f th e  r e l a t i v e  v e l o c i ty  o f 
th e  two i n e r t i a l  fra m e s . The p u re  b o o s t i s  th e n
M<0) = e -£ p t « ih  *(P> (C .30)
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(C .31)
where th e  com ponents o f  p a re
cm
—P sin (0 p  ) c o s ( P x i . )  
cm






( 0 B )
and can be v is u a l iz e d  in  f ig u r e  C . l .  F in a l ly  w ith  e q u a tio n  (C .26) and 
(C .3 1 ), th e  la b o ra to r y  q u a n t i t i e s  a re :
cm cm
P 3 4  = R" (X ,$ ,e p ,e p )M j(p )P  a 14 (C .32)
where M3(p) r e f e r s  to  3x3 o f  th e  s p a t i a l  p a r t  o f e q u a tio n  (C .3 1 ) . To 
com plete th e  p i c t u r e ,  th e  com ponents o f th e  momenta o f  th e  two f i n a l  
s t a t e  p a r t i c l e s  3 and 4 a re  g iv e n  as in  f ig u r e  C . l .  They a re ,
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cm cm cm 
P iz  = “ P i s in ( 0 3 )
cm
P iy  = 0*0 (C .33)
cm cm cm 
P 3  7  = P 3 c o s (0 j )
and
cm cm cm 
P4x = P 4  s in ( 0 4 - i t / 2)
cm
P 4 y = 0 .0  (C .34)
cm cm cm 
P 4 Z = P 4  C 0 S ( 9 4  -J t/2 )
w here,
cm cm
= 7T -  0 4 . (C .35)
cm cm cm
p 3 , p 4 and 0 4 a re  g iv e n  by e q u a tio n s  (C .16) and (C .1 7 ), r e s p e c t iv e ly .
Appendix D 
DATA TABLES
In  t h i s  A ppendix, ta b le s  o f th e  c ro ss  s e c t io n  and th e  n e u tro n  
momentum d i s t r i b u t i o n  a re  g iv e n . As th e re  a re  s e v e r a l  p io n  ch an n e ls  w ith  
s ig n i f i c a n t  d a ta  a t  each c e n t r a l  c o n d itio n  o f  (0 3 , p 3) ,  each  ta b le  i s  
i d e n t i f i e d  w ith  0 4 . Each d a ta  p o in t  in  a g iv en  t a b le  i s  c h a r a c te r iz e d  by 
M34, th e  in v a r i a n t  u a s s  o f th e  sub-system  o f th e  d e u te ro n  and th e  p io n ; 
p s , th e  momentum m agnitude o f th e  n e u tro n ; and t 1 4 , th e  four-momentum 
t r a n s f e r  sq u ared  o f th e  in c id e n t  p ro to n  to  th e  p io n .  A lso , d*c s ta n d s  
f o r  th e  c ro s s  s e c t io n ,  d 5<r/ds34d t 14du3 5 d£dX, and Ad1c /d 5or i s  the  r e l a ­
t i v e  e r r o r  and i s  presum ed to  be th e  same in  $ . The u n i t s  in  each ta b le  
a re  as fo lo w s; GeV f o r  M34, MeV/c fo r  p 3, <GeV/c)a f o r  t X4, 10- *7 GeV” * 
s r ~ a fo r  d*<T/ds34d t 14du3 5 d£dA., and (GeV/c)-3 fo r  <&a .
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TABLE D.l
Data for (5a = 11°, p j = .86 GeV/c) at §4 = 24°
M,4 Pj t n d 5<r b* Ad*<r/dS<r
2.0975 0 .064 .5674 113.8 73 .3 0 .1 8
2 .1025 0.066 .5632 102.0 6 1 .4 0 .2 2
0 .058 .5628 151.7 9 1 .8 0 .1 6
2.1075 0 .058 .5588 213 .4 121.3 0 .1 5
0 .050 .5588 258.3 147 .8 0 .13
2 .1125 0.062 .5552 184.5 98 .5 0 .1 5
0 .054 .5539 204 .0 110 .0 0 .1 4
0 .046 .5537 353.4 191.5 0 .1 0
2 .1175 0 .058 .5507 235.9 120.1 0 .12
0 .050 .5500 476.4 244 .1 0 .0 9
0.042 .5492 465.5 2 40 .4 0 .0  9
2 .1225 0.046 .5450 662.0 325 .2 0 .07
2 .1275 0.054 .5411 589.9 269.3 0 .07
TABLE D.2
D ata f o r <S3 = H 0 * Ps = *86 GeV/c) a t 0 4 = 28
M,4 Ps *14 d So ** Ad*<r/ d $a
2.0875 0.076 .5639 98 .4 82 .6 0 .16
2 .0925 0.080 .5606 90.2 68 .8 0 .1 9
0 .070 .5595 136.0 105.3 0 .1 8
2 .0975 0.070 .5549 140.1 100 .6 0 .1 9
2 .1025 0.062 .5504 129.3 86 .5 0 .2 5
0 .054 .5497 268.3 181 .8 0 .1 5
2 .1075 0.058 .5457 149.3 94 .1 0 .1 9
0 .050 .5448 303.3 193.3 0 .1 3
0 .042 .5442 434.3 278 .4 0 .1 0
2 .1125 0.042 .5398 588.1 358.5 0 .0 9
2 .1175 0.042 .5348 802.6 459 .4 0 .0 7
0 .034 .5343 880.1 506.4 0 .0 7
2.1225 0 .042 .5297 1050.5 572.6 0 .0 6
2.1275 0 .046 .5249 916.0 477 .6 0 .0 5
2 .1325 0.050 .5204 795.0 397 .0 0 .0 5
2 .1375 0.058 .5163 434.7 208.5 0 .0 6
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TABLE D.3
D ata  f o r  (5 , = 1 1 ° , p 3 = .86 GeV/c) a t  04 = 32°
M3 4 P i 1 14 d*<y Ad a /  d  5 <r
2 .0975 0 .0 5 4 .5403 2 2 6 .0 188 .0 0 .1 6
2 .1025 0 .058 .5365 162 .9 124 .7 0 .1 7
0 .050 .5354 215 .3 166 .6 0 .1 5
0 .042 .5343 397 .3 311 .5 0 .1 2
2 .1075 0 .046 .5303 376 .7 273 .0 0 .1 2
0 .0 3 8 .5294 591 .2 433 .1 0 .0 9
2 .1125 0 .0 3 4 .5240 838.3 578 .9 0 .0 8
2 .1175 0 .0 3 2 .5189 1017.3 664.1 0 .0 5
2 .1225 0 .0 3 4 .5132 1044.5 6 4 7 .9 0 .0 6
2 .1275 0 .042 .5079 1117.2 660 .6 0 .0 5
2 .1325 0 .050 .5027 795 .8 449 .9 0 .0 6
2 .1375 0 .058 .4982 549.3 297 .0 0 .0 6
2 .1425 0 .0 7 4 .4922 321 .7 167 .4 0 .0 9
TABLE D.4
D ata  f o r  (S , = 1 1 ° , p 3 = .86 GeV/c) a t  6 4 = 36°
M34 Ps *•14 d*a Ad S a l  d J «y
2 .0975 0 .0 5 8 .5270 147 .1 1 41 .0 0 .2 2
0 .048 .5254 251 .9 245 .2 0 .1 3
2 .1025 0 .042 .5198 430 .1 390 .3 0 .1 1
2 .1075 0 .0 3 8 .5141 546 .9 4 6 3 .9 0 .1 0
0 .0 3 0 .5133 814.2 6 9 6 .0 0 .0 9
2 .1125 0 .0 3 4 .5083 910 .4 726 ,5 0 .0 7
0 .026 .5076 852 .8 685 .4 0 .0 8
2 .1175 0 .032 .5016 1562.6 1123 .7 0 .0 5
2 .1225 0 .0 3 4 .4959 1327.1 952 .7 0 .0 5
2 .1275 0 .042 .4899 1077.1 736 .2 0 .0 5
2 .1325 0 .0 5 0 .4845 848.8 552 .5 0 .0 6
2 .1375 0 .0 6 2 .4784 634 .5 3 9 6 .5 0 .0 5
2 .1425 0 .0 7 4 .4732 337 .6 2 0 1 .9 0 .1 0
2 .1475 0 .0 9 2 .4665 148 .8 86 .0 0 .1 2
D ata f o r t e ,  =
TABLE D.5
1 1 ° , p 3 = .86 GeV/c) a t  § 4 = 40°
M,4 Ps ^14 d 5cr 4* AdScr/d*<r
2 .1025 0 .042 .5040 359 .2 381 .1 0 .13
0 .034 .5036 4 85 .6 522 .7 0 .1 2
2 .1075 0.032 .4971 7 18 .4 719 .5 0 .1 1
2 .1125 0 .030 .4906 1233.7 1166.6 0 .06
2 .1175 0 .030 .4846 1832.7 1629 .9 0 .0 5
2 .1225 0 .030 .4782 1358.1 1142 .6 0 .0 6
2 .1275 0 .042 .4712 1148.2 921 .4 0 .0 6
2 .1325 0 .050 .4655 801 .8 611.3 0 .0 7
2 .1375 0 .066  _ .4582 434 .0 317 .8 0 .1 0
2 .1425 0 .082 .4511 263 .1 185 .4 0 .13
D ata fo r (§ 3 =
TABLE D.6
11 , p 3 = .86 GeV/o) a t 0 4 = 44°
M3 4 Ps ^1.4 d 5a 4* Ad S <sl d S a
2 .1125 0 .030 .4742 972 .8 1074.6 0 .0 8
2 .1175 0 .030 .4673 1557.2 1625.0 0 .0 5
2 .1225 0 .038 .4592 993 .1 986 .9 0 .07
0 .030 .4604 1359.2 1341.0 0 .06
2 .1275 0 .042 .4529 1024.5 963 .6 0 .0 6
2 .1325 0 .0 5 4 .4456 607 .5 545 .5 0 .0 9
2 .1375 0 .074 .4364 250 .1 217 .6 0 .1 5
0 .066 .4385 422 .5 362 .9 0 .1 0
2 .1425 0 .082 .4309 273 .6 2 26 .1 0 .1 3
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D ata f o r ( e ,  =
TABLE D.7 
Pa = *86 GeV/c) a t 04 = 48°
M ,4 Ps * 1 4 d*cr Ad*<y/ d 5ff
2 .1175 0 .030 .4501 1650.3 1987.8 0 .0 5
2 .1225 0 .030 .4426 1085.2 1239 .7 0 .0 7
2.1275 0.042 .4342 912 .8 997 .2 0 .0 7
2.1325 0 .0 5 4 .4263 523.9 546 .9 0 .1 0
2.1375 0 .070 .4176 319.6 321.3 0 .1 3
2 .1425 0 .086 .4090 196 .9 184 .3 0 .2 0
2 .1475 0 .110 .3994 98.3 9 2 .4 0 .2 9
0 .102 .4018 128.3 119 .2 0 .2 3
2 .1525 0 .118 .3944 99 .1 88 .7 0 .2 6
D ata f o r <03 =
TABLE D .8
1 1 ° , p 3 = .86 GeV/c) a t e 4 « 52°
M3 4 Pa *14 d *o AdSa /d * o
2.1225 0 .030 .4254 1151.8 1475 .8 0 .07
2.1275 0 .042 .4165 788 .9 968 .1 0 .0 8
2.1325 0 .054 .4076 528.0 621 .4 0 .1 0
2.1375 0 .066 .3998 349.3 3 93 .4 0 .1 2
2 .1425 0 .078 .3915 182 .5 198 .0 0 .1 7
2 .1475 0.106 .3790 98.2 104 .1 0 .2 9
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D ata f o r <03 =
TABLE D
11 , p 3 =  .
.9
86 GeV/c) a t 0 4 = 56°
M34 Ps *X4 &*a Ad*cr/d*<r
2 .1275 0 .040 .3991 763.3 1003.7 0 .0 7
2 .1325 0 .050 .3906 534.9 675.9 0 .0 9
2 .1375 0 .0 6 6 .3817 343.4 419.2 0 .1 3
2 .1425 0 .078 .3718 175.2 206.5 0 .1 7
2 .1475 0 .0 9 4 .3620 148.9 118.6 0 .1 4
TABLE D.10
D ata f o r  (0 3 = 1 1 ° , p 3 = .86  GeV/c) a t  0 4 = 64°
m34 Ps tx4 d <j Ad a/ d  a
2 .1425 0.082 .3314 159.4 198.3 0 .1 7
2 .1475 0 .094 .3224 144.6 168.4 0 .1 6
2 .1525 0 .110 .3120 97 .9 108.3 0 . .26
TABLE D . l l
D ata f o r  (S3 = 1 1 ° , p 3 = .979 GeV/c) a t  0 4 = 32°
m34 Ps tx4 6 s a Ad or/d
2 .0875 0 .070 .5509 70.3 68.3 0 .1 9
2 .0925 0 .062 .5458 139.8 125.3 0 .1 4
2 .0975 0 .0 5 8 .5412 154.8 127 .6 0 .1 4
0 .0 5 0 .5399 163.8 137.1 0 .1 3
2 .1025 0 .054 .5359 175.1 134 .8 0 .1 3
0 .046 .5352 306 .4 238 .4 0 .1 0
2 .1075 0 .046 .5306 247.5 178 .0 0 .1 0
0 .038 .5296 470.2 344.7 0 .0 8
TABLE D.12
Data for (5, = 11°, ps = .979 GeV/c) at S4 = 36°
m34 Pi *14 d*a Ad *or/ d*a
2 .0925 0 .070 .5332 88.7 91 .1 0 .1 9
2 .0975 0 .050 .5259 153.8 149 .0 0 .1 4
2 .1025 0.050 .5211 195 .0 174 .4 0 .13
0 .042 .5201 413 .9 375.3 0 .0 9
2 .1075 0 .042 .5151 356.7 299 .9 0 .0 9
0 .034 .5139 508.4 432 .6 0 .07
2 .1125 0 .030 .5078 914.0 732 .7 0 .05
2 .1175 0 .030 .5021 1289 .9 975 .2 0 .0 4
TABLE D.13
D ata fo r (Sa = 1 1 ° , p 3 = .979 GeV/c) ia t 0 4 = 40
K ,4 P i * i 4 d *o <ba AdS<r/dI <y
2.0825 0.082 .5311 77 .4 111 .2 0 .22
2 .0875 0.074 .5250 81.7 107.3 0 .22
2 .0925 0.058 .5180 152.4 187 .4 0 .1 4
2 .0975 0.058 .5127 152 .9 171 .7 0 .16
0 .050 .5117 212 .0 240 .9 0 .12
2 .1025 0 .046 .5057 241 .0 253 .7 0 .1 2
0 .038 .5045 423 .9 452.1 0 .0 8
2 .1075 0 .034 .4981 497 .2 496 .1 0 .0 8
0 .026 .4971 663 .8 668 .8 0 .07
2 .1125 0 .030 .4913 862.6 811.6 0 .06
2 .1175 0 .030 .4843 1444.6 1287.7 0 .04
2 .1225 0 .032 .4781 1295.8 1091.2 0 .03
D ata fo r <09 =
TABLE D.14 
1 1 ° . P j = .979 GeV/c) a t  04 = 44°
M34 Ps *14 d*a y A d*a/d5<r
2 .0925 0 .054 .5027 157 .9 228 .2 0 .1 4
2 .0975 0 .054 .4977 115 .0 151.1 0 .1 8
0.046 .4961 239.3 317 .6 0 .1 1
2 .1025 0.042 .4902 321.7 397 .8 0 .1 1
0 .034 .4884 447.0 561.1 0 .0 9
2 .1075 0 .038 .4833 415 .5 479 .6 0 .0 9
0 .030 .4815 597.9 702 .2 0 .0 7
2 .1125 0.026 .4742 852.0 942.6 0 .0 6
0 .018 .4741 866.9 961.1 0 .0 7
2 .1175 0 .030 .4669 1809.3 1894.2 0 .0 4
2 .1225 0 .034 .4601 1387.0 1372.2 0 .0 4
2 .1275 0 .042 .4531 1101.5 1035.4 0 .0 4
D ata f o r ( 0 3 =
TABLE D.15 
11°, P i -  .979 GeV/c)
!
00JJ*1©+»<a
Mj4 Ps *14 d S<y A d 5 ( x / d 5 c r
2 .0925 0 .054 .4888 106.6 175.2 0 .1 9
2 .0975 0 .046 .4813 160.1 245 .2 0 .16
2.1025 0.046 .4752 155.3 219.3 0 .16
0 .038 .4739 307 .9 440 .4 0 .11
2.1075 0 .030 .4659 588.6 793.1 0 .0 8
2 .1125 0.026 .4575 905.6 1156.2 0 .0 6
2 .1175 0.030 .4499 1568.4 1893.1 0 .0 4
2 .1225 0 .034 .4423 1144.2 1310.6 0 .0 5
2 .1275 0 .042 .4344 863.6 942.2 0 .0 5
2 .1325 0 .054 .4263 534.0 558.0 0 .0 7
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D ata fo r -
TABLE D .16 
1 1 ° , p 3 = .9 7 9  GeV/c) a t  04 = 52°
M,4 Ps d*<y Ad*ff/d5(i
2 .0925 0 ,066 .4769 95.6 17 0 .0 0 .2 3
2.0975 0 .058 .4697 118.8 1 9 7 .0 0 .1 9
0 .050 .4682 140.1 2 3 4 .2 0 .1 6
0 .042 .4661 178.7 302 .7 0 .1 5
2 .1025 0 .038 .4594 349.2 552 .3 0 .1 1
2.1075 0 .034 .4519 439.2 6 5 1 .8 0 .1 0
0.026 .4498 581.3 872 .5 0 .0 9
2.1125 0 .026 .4416 934.1 1325 .4 0 .0 6
2.1175 0 .030 .4335 1532.6 2062 .9 0 .0 4
2.1225 0 .0 3 4 .4249 1004.0 1288.5 0 .0 5
2.1275 0 .046 .4149 667.3 8 22 .7 0 .0 6
0 .038 .4175 739.9 9 0 3 .6 0 .0 4
2.1325 0 .056 .4069 502.1 59 2 .4 0 .06
2.1375 0 .074 .3969 232.0 2 5 5 .9 0 .12
0 .066 .3995 260.1 2 9 3 .6 0 .1 0
D ata fo r (S* =
TABLE D .17 
1 1 ° ,  ps = .9 7 9 GeV/c) a t  S4 = 56°
M34 Ps *14 d *o Ad5ff/d*o
2.0975 0 .046 .4532 193.6 340 .7 0 .1 4
2.1025 0.046 .4468 219.3 363.3 0 .1 6
0 .038 .4444 363.8 605 .4 0 .1 1
2.1075 0 .038 .4374 336.0 527 .9 0 .1 2
0 .030 .4357 491.6 776.3 0 .1 1
2.1125 0 .028 .4253 1192.2 1793.3 0 .0 7
2 .1175 0 .030 .4173 1445.4 2072 .0 0 .0 4
2.1225 0 .030 .4084 1119.7 1535.1 0 .05
2 .1275 0 .042 .3985 759.8 999 .9 0 .0 6
2.1325 0 .058 .3877 332.5 421 .5 0 .1 0
0 .050 .3906 501.8 633 .0 0 .0 7
2.1375 0 .074 .3777 145.0 177.3 0 .1 7
0 .066 .3801 275.8 336 .5 0 .1 0
2.1425 0.086 .3691 147.2 173 .9 0 .1 4
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TABLE D.18
D ata  fox (§ , - 1 1 ° , p t = .979 GeV/c) ;a t  5 4 = 6 4 '
M3 4 P* ^14 d*a Ad5ff/d Sa
2 .1025 0.038 .4193 335.5 533.6 0 .13
2 .1075 0 .046 .4113 212 .0 324 .0 0 .1 7
0 .0 3 8 .4106 381.3 581 .4 0 .1 4
0 .0 3 0 .4099 470.8 714 .0 0 .1 1
0 .022 .4066 545.7 818.3 0 .1 0
2 .1125 0 .034 .4007 420.2 615 .0 0 .1 2
0 .026 .3989 496.5 721.3 0 .1 1
0 .018 .3978 963.3 1395.1 0 .0 8
0 .0 1 0 .3946 1328.4 1886.7 0 .0 8
2 .1175 0 .034 .3918 423 .8 598.1 0 .11
0 .026 .3891 780.4 1091.3 0 .0 8
0 .018 .3865 1964.7 2714.8 0 .0 5
0 .012 .3871 3430.3 4769.8 0 .0 5
2 .1225 0 .026 .3772 1504.0 2015.3 0 .0 5
2 .1275 0 .0 3 4 .3686 1239.8 1611.8 0 .0 4
2 .1325 0.046 .3571 544.7 683 .7 0 .0 6
2 .1375 0 .058 .3471 322.1 392 .2 0 .0 8
2 .1425 0 .078 .3334 174.7 204 .1 0 .1 2
2 .1475 0 .098 .3211 93 .5 105 .4 0 .1 9
TABLE D.19
Data for <Ss = 11°, p, = .979 GeV/c) at S4 = 72°
P s t 14 d*<r * 3 Ad a /d * a
2 .1025 0 .0 5 0 .3969 2 2 7 .7 305 .6 0 .1 8
2 .1075 0 .0 5 4 .3868 1 7 5 .7 228 .2 0 .2 2
0 .0 4 6 .3866 211 .3 274 .7 0 .1 8
0 .0 3 8 .3848 397.7 508.6 0 .1 4
2 .1125 0 .0 5 0 .3780 232 .5 296 .0 0 .1 7
0 .042 .3759 2 7 6 .4 346 .2 0 .1 6
0 .034 .3742 551.3 682 .4 0 .1 1
0 .026 .3725 613 .2 747 .8 0 .1 1
2 .1175 0 .0 4 2 .3651 330 .5 4 0 0 .4 0 .1 4
0 .0 3 4 .3632 449 .2 536 .6 0 .1 1
0 .026 .3615 848.1 1001.2 0 .0 8
0 .020 .3604 1216 .9 1424 .8 0 .0 9
2 .1225 0 .042 .3539 421 .2 492 .1 0 .0 7
0 .0 3 4 .3516 670 .5 7 71 .0 0 .0 8
0 .026 .3496 1144.2 1297 .3 0 .0 6
2 .1275 0 .042 .3405 600.2 6 6 4 .1 0 .0 8
0 .0 3 4 .3392 822.6 909 .1 0 .0 5
2 .1325 0 .0 4 6 .3276 665 .2 71 1 .7 0 .0 5
2 .1375 0 .0 5 8 .3144 340 .8 3 5 1 .9 0 .0 7
2 .1425 0 .0 7 0 .3035 201 .6 2 0 1 .9 0 .0 9
2 .1475 0.086 .2903 103 .7 100 .6 0 .1 4
2 .1525 0.102 .2778 6 2 .9 5 9 .5 0 .1 9
D ata f o r O s  =
TABLE D .20 
1 1 ° , 5 ,  = .979 GeV/o) :a t  6 4 = 80°
ms4 Ps t l 4 d Sa Ad*o/ d*<r
2 .1125 0.042 .3522 379 .6 385 .2 0 .1 9
2 .1175 0 .046 .3409 317 .9 312 .5 0 .1 4
0 .038 .3401 508.2 769 .9 0 .12
2 .1225 0 .0 5 4 .3316 2 93 .7 285 .9 0 .1 5
0 .046 .3294 429 .1 410 .2 0 .1 1
0 .0 3 8 .3276 757 .6 712.1 0 .0 8
2 .1275 0 .054 .3183 321 .8 300.1 0 .12
0 .046 .3159 494.7 452.6 0 .0 9
0 .038 .3141 800 .6 723.7 0 .07
2 .1 3 2 5 0 .050 .3016 587 .9 512.8 0 .07
2 .1 3 7 5 0 .058 .2886 37 2 .8 315 .2 0 .07
2 .1425 0 .070 .2748 205 .5 167.8 0 .0  9
2 .1 4 7 5 0.082 .2617 158 .5 127.1 0 .1 0
2 .1525 0.096 .2487 83.3 64 .1 0.13
2 .1575 0 .1 1 4 .2338 53 .1 39 .6 0 .2 1
D ata f o r <e3 =
TABLE D.21 
11 ° , p 3 = .979 GeV/c) (a t 04 = 88°
M,4 Ps d 5a * 3 Ad o /d  or
2 .1225 0 .058 .3095 283 .1 225 .5 0 .1 6
0 .050 .3075 349 .0 273 .4 0 .1 4
2 .1 2 7 5 0.062 .2962 251 .2 193 .2 0 .1 6
0 .0 5 4 .2952 319 .6 244.1 0 .13
0 .046 .2937 465 .8 351.6 0 .1 0
2 .1325 0 .070 .2842 205 .8 154.4 0 .1 8
0 .062 .2815 2 98 .9 220 .6 0.13
0 .0 5 4 .2798 447 .9 325.7 0 .0 9
2 .1375 0 .0 7 0 .2695 263 .4 190 .4 0 .12
0 .062 .2661 319 .9 225.2 0 .1 0
2 .1425 0 .070 .2531 272 .2 187 .4 0 .1 1
2 .1 4 7 5 0 .0 7 8 .2412 151 .1 103.2 0 .0 9
2 .1525 0 .0 9 4 .2242 6 1 .9 4 0 .0 0 .1 6
2 .1 5 7 5 0 .1 1 0 .2077 41 .2 2 5 .6 0 .1 9
D ata fo r (0 , =
TABLE D 
1 1 ° -  P i  =  •
.22
979 GeV/c) ia t 0 4 = 96°
M,4 P  5 *14 y Ad*ar/ d*a
2.1325 0.082 .2666 141 .0 9 1 .1 0 .23
0 .074 .2637 223 .5 141 .8 0 .1 7
0 .056 .2618 270 .0 168 .9 0 .1 4
2 .1375 0.078 .2502 225 .4 1 38 .9 0 .1 6
0 .070 .2473 291 .6 176 .7 0 .13
2 .1425 0 .078 .2322 252 .1 147.1 0 .1 2
2 .1475 0.086 .2170 158 .8 8 9 .9 0 .1 4
2 .1525 0 .098 .2024 144 .8 7 9 .7 0 .13
2 .1575 0 .110 .1862 52 .8 2 8 .1 0 .1 9
D ata fo r (03 = 11°,
T A B L E  D 
P i  =  1*
.23
054 GeV/c) a t  0 4 = 40°
M j 4 P i *14 d * a ** A d S o r / d  o r
2 .0925 0 .054 .5174 100 .5 198.3 0 .2 7
2.0975 0 .054 .5120 150.6 169 .6 0 .1 9
0 .046 .5109 260 .7 2 9 8 .8 0 .1 3
TABLE D.24
Data for (6, = 11°, p3 = 1.054 GeV/c) at 54 = 44°
M34 Ps *14 &*o Ad5<r/d5<r
2 .0875 0 .058 .5083 91 .9 145 .7 0 .22
2 .0925 0 .054 .5031 101.2 233 .1 0 ,2 7
2 .0975 0.050 .4969 153 .6 203.2 0 .1 7
0 .042 .4952 207 .4 280 .1 0 .1 5
2 .1025 0.050 .4912 142.4 173 .9 0 .1 9
0 .042 .4894 290 .0 359 .8 0 .13
0 .034 .4881 426.2 536.6 0 .11
2 .1075 0 .038 .4834 302 .4 349 .4 0 .1 4
0 .030 .4819 525.9 615 .3 0 .1 0
TABLE D.25
D ata f o r  (0 3 = 1 1 ° , p 3 = 1 .0 5 4  GeV/o) a t  S4 = 48°
m34 Ps t i 4 d 5<r Ad*<y/ d*a
2 .0925 0 .056 .4894 99 .4 162 .8 0 .1 9
2 .0975 0 .046 .4818 228 .9 350 .0 0 .1 6
2 .1025 0 .038 .4739 239.2 342 .2 0 .1 5
0 .030 .4726 336.1 486 .6 0 .1 3
2 .1075 0.038 .4677 302.8 402 .1 0 .1 4
0 .030 .4658 540.4 728 .9 0 .1 0
0 .022 .4652 590.5 801.3 0 .1 0
2 .1125 0.026 .4561 915.1 1163.3 0 .0 7
0 .018 .4572 867.7 1111.7 0 .0 8
0 .012 .4570 923.5 1185.2 0 .1 3
D ata f o r <S, = 1 1 ° ,
TABLE D.26 
p 3 = 1 .054 GeV/c) ;a t 0 4 -  52°
M j  4 Ps * 1 4 d*ff Ad5tr/d*ff
2 .0875 0.076 .4856 67 .1 127.0 0 .2 2
2.0925 0.062 .4764 84 .1 149 .8 0 .2 9
0 .054 .4754 111 .4 20 0 .1 0.23
2 .0975 0.042 .4664 2 2 2 .8 377.2 0 .16
2 .1025 0.042 .4600 239 .4 376 .7 0 .1 0
0.034 .4581 369 .8 588.2 0 .13
2 .1075 0.038 .4526 337.1 497.9 0 .13
0.030 .4505 622.5 930.4 0 .1 0
2 .1125 0.026 .4416 890.3 1263.9 0 ,07
2 .1175 0.030 .4335 1635.7 2203.0 0 .05
D ata f o r (0 3 = 11°,
TABLE D.27 
p ,  = 1 .054 GeV/c) 1a t S4 = 56°
M3 4 Ps f  14 d*tf Ad5ff/d*ff
2 .0875 0 .076 .4731 99.3 196.2 0 .24
2.0925 0.056 .4623 130 .8 243 .8 0 .19
2 .0975 0.050 .4547 143 .7 252.4 0 .21
0.042 .4528 167.7 295.3 0 .20
2 .1025 0.050 .4470 198 .0 327.2 0 .28
0.042 .4465 252 .6 419.0 0.16
0.034 .4444 362.7 604.2 0.13
2 .1075 0.030 .4362 495.3 781.4 0.11
0.022 .4347 535.5 847.8 0 .12
2 .1125 0.034 .4280 421.7 630.8 0 .12
0.026 .4253 971.7 1462.4 0 .07
2.1175 0 .028 .4169 1710.8 2454.1 0 .04
2.1225 0 .030 .4086 1378.7 1890.0 0 .06
2.1275 0.038 .4003 663 .9 871.5 0 .07
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TABLE D.28
Data f o r (6 , = 1 1 ° , p 3 = 1 .0 5 4 GeV/c) ja t  0 4 = 64'
M3 4 P j  ^14 d *o
i  *Ad tsl d a
2.0925 0.062 .442f 111.8 194.5 0 .29
2 .0975 0.056 .4296 143.4 238.1 0.23
2.1025 0.054 .4204 234.4 374.0 0 .21
0.046 .4222 255.5 411.2 0 .19
0.038 .4187 411.6 651.1 0 .14
2 .1075 0.046 .4115 276.5 423.1 0 .18
0.038 .4105 260.2 397.2 0 .18
0.030 .4084 366.9 555.5 0 .15
0.022 .4069 536.3 806.9 0 .12
2.1125 0.042 .4034 250.5 370.0 0 .18
0.034 .4003 570.0 832.2 0 .26
0.026 .3995 737.1 1075.0 0 .10
0.018 .3980 984.1 1426.0 0 .09
0.010 .3948 1315.6 1877.6 0 .09
2.1175 0.034 .3917 505.3 711.7 0 .12
0.026 .3887 859.1 1087.4 0 .09
0.020 .3874 1318.1 1832.3 0 .10
0.014 .3862 3403.6 4715.0 0 .04
2 .1225 0.026 .3772 1736.7 2325.6 0 .05
2.1275 0.034 .3683 1260.6 1637.6 0.05
2.1325 0.046 .3569 646.2 809.0 0.17
2.1375 0.062 .3447 370.8 447.4 0 .09
TABLE D.29
Data for (0S = 11°, pj = 1.054 GeV/c) at 04 = 72°
M3 4 Ps ^14 d 5a AdS<r/d5or
2.0975 0.066 .4093 131 .0 186 .2 0 .2 7
2 .1025 0.062 .3986 161 .1 219 .0 0 .2 5
0 .054 .3985 190 .6 260 .7 0 .2 3
0.046 .3955 171 .0 227 .0 0 .2 4
2 .1075 0 .054 .3878 248 .3 325 .5 0 .2 0
0 .046 .3872 254 .2 331 .7 0 .1 9
0 .038 .3854 405 .9 522.9 0 .1 5
2.1125 0.050 .3766 198 .7 2 49 .9 0 .2 2
0 .042 .3768 343 .1 433 .5 0 .1 6
0 .034 .3743 535 .9 664 .2 0 .1 3
0.026 .3724 819 .9 999.7 0 .1 0
2.1175 0 .038 .3645 463 .2 558 .4 0 .1 3
0 .030 ,3631 721 .9 862 .7 0 .1 0
0.022 .3607 1123.8 1318 .9 0 .0 8
2 .1225 0.042 .3531 386 .4 4 4 8 .9 0 .1 4
0 .034 .3518 691 .8 796 .1 0 .1 0
0.026 .3495 1211.0 1373.7 0 .0 6
2.1275 0 .034 .3393 1068.7 1182 .8 0 .0 6
2.1325 0.046 .3271 7 62 .4 812 .9 0 .0 6
2.1375 0 .058 .3145 380 .6 392.0 0 .0 8
2.1425 0 .070 .3033 249 .7 251 .2 0 .1 0
2.1475 0 .084 .2914 157 .7 153.8 0 .1 1
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TABLE D.30
D ata fo r ( e 3 = 11 ° , p 3 = 1 .054  GeV/c) ; P rt o\ * II 00 o
M3* Ps f  1 4 d*a Ad a /d  a
2 .1075 0 .050 .3646 2 5 3 .9 267 .7 0 .2 0
2 .1125 0.050 .3535 2 1 3 .4 218 .2 0 .23
0 .042 .3523 3 25 .4 309 .1 0 .1 8
2 .1175 0 .046 .3416 342 .7 338 .7 0 .1 6
0 .036 .3392 640 .7 621 .7 0 .1 0
2 .1225 0 .050 .3294 425 .9 406 .9 0 .1 2
0 .042 .3292 528 .0 504 .9 0 .1 2
0 .034 .3267 907 .8 848.9 0 .0 9
2 .1275 0 .054 .3187 355 .6 332 .4 0 .1 4
0 .046 .3160 557 .4 510.3 0 .1 0
0 .038 .3137 753 .1 677 .4 0 .0 8
2 .1325 0 .054 .3042 424 .6 383 .9 0 .1 0
0 .046 .3015 685 .0 595.9 0 .07
2 .1375 0 .058 .2890 486 .4 412 .0 0 .0 8
2 .1425 0 .066 .2788 2 89 .0 244 .2 0 .0 8
2 .1475 0.078 .2662 152 .6 125.6 0 .1 1
2 .1525 0.096 .2488 7 7 .4 60 .3 0 .1 4
TABLE D.31
Data for (0, = 11°, p, = 1.054 GeV/c) at S4 = 88°
mJ4 P*
2.1075 0 .082
2 .1125 0 .058
2 .1175 0 .0 5 8
0 .050
2 .1225 0 .0 5 8
0 .050
2 .1275 0 .058
0 .050
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,3327 264 .3











2528 2 83 .8
2384 177 .4
2239 9 3 .9
2110 6 2 .1
1925 3 4 .3
Ad* a!d*a
142 .9 0 .29
221 .9 0 .2 4
273 .6 0 .1 8
365.2 0 .1 6
262 .0 0 .1 9
414.9 0 .13
264 .7 0 .1 5
348.3 0 .13
146 .8 0 .2 0
228 .5 0 .1 5
444 .4 0 .1 0
130.2 0 .1 8
286 .2 0 .1 0
194.6 0 .1 0
118.2 0 .11
61 .2 0 .15
39 .5 0 .16
20 .8 0 .29
184
D ata f o r (9 , = 1 1 ° ,
TABLE D.32 
p ,  = 1 .054 GeV/c) ;a t  e* = 96°
M34 Ps ^14 d*a Ad5®/ d 5<r
2 .1225 0.062 .2902 398 .2 267.4 0 .1 7
2 .1275 0.066 .2781 242 .9 159.5 0 .22
2 .1325 0 .068 .2627 338 .9 215.6 0 .13
2 .1375 0 .078 .2499 2 3 5 .4 145.1 0 .18
0 .070 .2479 335 .5 204.2 0 .1 4
2 .1425 0 .086 .2352 2 1 0 .7 125.5 0 .1 8
0 .078 .2330 2 5 5 .0 150.1 0 .1 4
2 .1475 0 .094 .2214 1 2 2 .6 71.7 0.22
0 .086 .2167 164 .2 93.5 0.18
2 .1525 0 .098 .2016 159 .4 87.9 0.13
2 .1575 0 .110 .1870 6 4 .4 34.8 0 .19
2 .1625 0 .126 .1677 2 6 .8 13.8 0 .26
D ata fo r (S 3 =
TABLE D.33 
1 3 ° , p 3 = .979 GeV/o) ia t 04 = 36°
MS4 Ps *14 d 5cr AdS®/d5®
2.1025 0 .066 .5229 7 8 .8 68.9 0 .16
2 .1075 0 .070 .5179 8 4 .1 68.3 0 .15
0.062 .5174 1 33 .2 109.0 0 .1 4
2 .1125 0 .070 .5126 9 6 .4 73.4 0 .15
0 .062 .5118 162 .5 124.8 0 .14
0 .054 .5110 2 2 3 .9 173.6 0 .11
2 .1175 0 .062 .5070 136 .6 98.3 0.13
0 .054 .5057 2 2 3 .0 162.6 0 .1 0
0 .046 .5045 3 23 .2 238.7 0 .0 9
185
TABLE D.34
D ata f o r  (0 3 = 13 , p 3 = .979 GeV/c) a t  04 = 40
m34 P j 114 d Sa hA* aid* o
2 .1075 0.062 .5021 109.1 103.9 0 .1 7
0 .054 .5013 133 .9 128 .9 0 .1 5
2 .1125 0.062 .4962 98 .0 87.3 0 .1 8
0 .054 .4952 142 .7 128 .7 0 .1 5
0.046 .4940 248 .6 227 .3 0 .11
2 .1175 0.054 .4891 137.2 116 .5 0 .1 5
0.046 .4884 249 .9 214 .0 0 .1 0
0 .038 .4870 341.2 296 .5 0 .0 9
2 .1225 0.050 .4825 233 .8 188 .8 0 .1 0
0.042 .4811 366 .8 300.6 0 .07
TABLE D.35
D ata f o r  (0 , = 1 3 ° , p 3 = .979 GeV/c) a t  04 = 44°
m34 Ps 114 d*<r ill3 dd* a I d 5®
2.0975 0.070 .4994 110 .0 141.7 18 .0
2 .1025 0.062 .4924 146 .5 176 .1 2 1 .0
2.1075 0.058 .4862 107.7 120 .4 1 9 .4
0.050 .4870 151 .7 168.5 2 2 .0
2 .1125 0.050 .4782 204 .5 217 .5 2 5 .4
2 .1175 0.050 .4723 236 .0 234 .6 2 6 .9
0.042 .4709 316 .7 319.3 30 .1
2 .1225 0.042 , .4636 494.1 473.7 33 .0
2 .1275 0.046 .4565 516.9 471 .9 2 8 .6
185
TABLE D .36
D ata f o r  ( 6 3  = 1 3 ° , p 3  = .979  GeV/c) a t  0 4  = 48°
m, 4 Ps *14 d*tr <fra Ad5 cr/dScr
2 .1075 0.058 .4711 98 .2 126.3 0 . 2 0
0.050 .4692 128.1 167 .8 0 .1 6
2 .1125 0 .065 .4653 105 .1 125 .1 0 .1 7
0 .058 .4640 121.5 146 .5 0 .1 6
0 .050 .4628 151.0 184 .4 0 .1 6
0 .042 .4617 181.5 224 .0 0 .1 4
2 .1175 0 .046 .4549 251 .0 290 .7 0 . 1 1
0 .038 .4537 293 .9 344.3 0 . 1 1
2.1225 0.046 .4475 306 .6 336 .7 0 .0 9
0 .038 .4457 397.1 443 .1 0 .0 8
2 .1275 0.050 .4392 300.5 316 .1 0 .0 9
0.042 .4382 395.1 419 .5 0 .0 7
2.1325 0.050 .4305 371.8 3 77 .4 0 .0 6
2 .1375 0 .058 .4238 271 .7 2 6 2 .8 0 .0 6
TABLE D .37
D ata f o r (0 3  -  1 3 ° , p 3  = .979  GeV/c) a t e 4  = 5 2 '
M,4 Ps t  X 4 d *o i 2 Ad*tr/ d*or
2.1075 0.062 .4565 113.1 162 .5 0 .1 9
0 .054 .4549 190.5 2 76 .8 0 .1 4
2 .1125 0 .054 .4480 153.7 2 09 .4 0 .1 6
0.046 .4465 286.7 394 .9 0 .1 2
2 .1175 0.050 .4395 205 .6 2 6 6 .4 0 .1 3
0 .042 .4377 313.0 410 .9 0 .1 1
2 .1225 0 .054 .4322 157.9 193 .6 0 .1 2
0 .046 .4304 339.2 421 .3 0 .0 9
0 .038 .42 90 362.5 454 .7 0 .0 9
2 .1275 0.046 .4208 389.3 465 .9 0 .0 7
2 .1325 0 .050 .4127 373.0 4 27 .6 0 .0 6
2 .1375 0 .062 .4035 285 .2 315 .6 0 .0 6
2 .1425 0 .070 .3963 157.7 167 .3 0 .0 8
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D ata fo r (6 , =
TABLE D.38 
13°. p ,  = .979 GeV/c) ;a t  04 = 56°
M,4 P j t l 4 d Scr <fra Ad5cr/d5«r
2 .1 1 2 5 0 .054 .4329 168 .4 247.5 0 .15
0 .046 .4310 171 .3 253 .8 0 .1 7
2 .1 1 7 5 0 .0 5 8 .4247 125 .7 175.4 0 .17
0 .0 5 0 .4233 158 .2 222.3 0 .1 5
0 .042 .4217 2 5 5 .4 361.3 0 .12
2 .1225 0.046 .4145 234 .4 315.0 0 .12
0 .038 .4126 324 .6 439.7 0 .10
2 .1275 0 .046 .4043 360 .5 466.8 0 .0 8
2 .1 3 2 5 0 .050 .3949 315 .7 393 .9 0 .07
2 .1375 0.062 .3854 2 5 9 .0 311 .9 0 .0 7
2 .1 4 2 5 0 .070 .3768 1 4 2 .7 166.0 0 .0 8
2 .1475 0 .086 .3661 84 .5 95 .8 0 .12
D ata f o r (03 =
TABLE D.39 
13°, p 3 = .979 GeV/c) ia t  0 4 = 64°
M3 4 Ps f  14 d *a ** Ad5a/d*<T
2.1125 0 .058 .4042 149 .5 220 .6 0 .18
2 .1175 0.050 .3942 181 .3 257.3 0 .17
2 .1 2 2 5 0.050 .3839 2 2 9 .0 312.5 0 .13
0.042 .3827 3 5 3 .6 481.7 0.11
2 .1275 0 .058 .3753 19 8 .1 261.3 0 .15
0 .050 .3733 2 8 3 .7 373.2 0 .11
0.042 .3721 3 9 5 .9 520.1 0 .0 9
2 .1 3 2 5 0.058 .3644 2 4 8 .5 316.9 0 .11
0 .050 .3618 3 4 1 .1 433.3 0 .08
2 .1375 0 .058 .3517 2 6 9 .8 332.4 0.07
2 .1425 0.070 .3407 1 5 5 .9 186 .4 0 .0 9
2 .1475 0.078 .3324 80 .8 94 .7 0 .1 0
2 .1525 0.094 .3205 4 7 .0 53.6 0 .15
2 .1575 0.118 .3047 3 5 .2 38.7 0 .26
0 .110 .3092 3 2 .6 36.3 0 .24
D ata  f o r (6 3 =
TABLE D.40 
1 3 ° , p ,  = .979 GeV/c) ;a t  S4 = 72°
m, 4 P j ■^14 d *<r Ad5<x/d*<i
2 .1175 0 .062 .3686 129 .7 160.5 0 .2 2
2 .1225 0.062 .3575 127 .5 152 .4 0 .2 2
0 .054 .3563 154 .0 182 .8 0 .1 9
2 .1275 0.062 .3467 170 .0 197 .2 0 .1 5
0 .0 5 4 .3453 259 .6 . 2 9 8 .9 0 .1 2
2 .1325 0 .062 .3345 2 0 5 .4 229 .8 0 .1 4
0 .0 5 4 .3330 2 1 1 .1 234 .5 0 .1 2
2 .1375 0 .070 .3244 106 .3 116 .4 0 .1 9
0 .062 .3213 199 .1 214 .4 0 .1 1
2 .1425 0 .0 7 4 .3098 137 .9 144.5 0 .1 2
2 .1475 0 .082 .2982 77 .2 79 .1 0 .13
2 .1525 0 .0 9 4 .2859 6 6 .7 66 .5 0 .1 0
D ata f o r 11m
1®
TABLE D.41 
1 3 ° , 5 3 = .979 GeV/c) a t «*. 0 S4 = 80
M34 Ps t-14 d*<r <*3 AdS<r/d*<T
2 .1275 0 .078 .3236 104 .2 101 .0 0 .2 1
0 .0 7 0 .3215 118 .4 1 13 .1 0 .2 2
2 .1325 0 .078 .3108 117 .7 110 .2 0 .2 4
0 .070 .3079 11 9 .0 109 .1 0 .1 9
2 .1375 0 .078 .2975 80 .6 72 .8 0 .2 6
0 .0 7 0 .2953 127 .8 113 .9 0 .1 7
2 .1425 0 .0 7 4 .2826 132 .0 114 .5 0 .1 4
2 .1475 0.086 .2693 115 .3 97 .0 0 .13
2 .1525 0 .094 .2579 6 8 .2 56 .7 0 .1 5
2 .1575 0 .110 .2433 4 3 .8 3 5 .2 0 .1 8
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TABLE D.42
D ata  f o r  (S s = 1 3 ° , p s = .979 GeV/c) a t  5 4 = 88°
m34 Ps tx s d 5<r Ad5<r/d5ff
2 .1375 0 .082 .2726 107 .0 7 9 .1 0 .2 2
2 .1425 0 .086 .2592 107.2 77 .1 0 .2 1
2 .1475 0 .098 .2461 116 .1 81 .5 0 .1 6
D ata  f o r (Sj = 1 3 ° ,
TABLE D 
Ps = 1 •
.43
054 GeV/c) a t  54 = 44°
M,4 Ps ^14 d *o Ad4(r/d*tf
2 .0975 0 .070 .4993 6 3 .4 81 .5 0 .1 7
2 .1025 0 .070 .4936 6 2 .8 74 .1 0 .1 6
0 .062 .4926 98 .5 117 .8 0 .1 2
2 .1075 0 .0 7 0 .4873 6 6 .2 72 .7 0 .1 5
0 .062 .4869 97.3 107.5 0 .1 4
0 .0 5 4 .4856 127 .2 142 .6 0 .1 0
D ata f o r (8 , = 13°,
TABLE D.44
5 ,  = 1 .0 5 4  GeV/c) ;a t  0 4 = 48°
M,< Pi *14 d*<r Ad*<y/d
2 .1025 0 .070 .4790 56.1 76.3 0 .18
0 .062 .4781 70.7 97.2 0 .1 4
2 .1075 0 .070 .4722 51 .9 65 .8 0 .1 9
0 .062 .4710 60 .5 77 .6 0 .16
0 .054 .4704 133.3 172.3 0.11
2 .1125 0 .066 .4651 74.2 88.3 0 .1 5
0 .058 .4640 63.3 134.1 0 .21
0 .050 .4632 147.5 179 .1 0 .1 0
0.042 .4612 173.8 214 .9 0 .1 0
2 .1175 0.042 .4559 196.7 225 .7 0 .0 9
D ata f o r W 11
o
TABLE D .45
£ j = 1 .0 5 4  GeV/c) a t 04 = 52°
M,4 P i * 3 Ad5ff/d5<r
2 .0925 0.086 .4801 34 .9 6 0 .6 0 .23
2 .0975 0.082 .4730 42 .2 6 8 .2 0 .2 1
0 .074 .4709 47.1 77.3 0 .17
2 .1025 0 .066 .4636 62.7 96 .1 0 .1 9
2 .1075 0.062 .4555 82.2 118 .7 0 .1 5
0 .054 .4549 126.9 184.3 0.13
2 .1125 0 .054 .4481 110.4 150 .2 0 .15
0.046 .4460 164.2 226 .7 0 .1 0
2 .1175 0 .054 .4399 147.1 189 .8 0 .11
0.046 .4384 254.2 331 .2 0 .08
0 .038 .4369 241 .4 318 .4 0 .0 8
2 .1225 0 .054 .4324 166.1 203 .1 0 .1 0
0.046 .4301 251,2 312.3 0 .0 8
0.038 .4297 286 .9 358 .1 0 .06
D ata fo r (5 , -  1 3 ° ,
TABLE D .46
p 3 = 1 .0 5 4  GoV/c) ia t  0 4 = 56°
Ms 4 P j d*a AdSa/d*a
2 .1025 0 .070 .4504 55 .3 9 0 .2 0 .22
2 .1075 0 .0 5 4 .4397 75 .3 117.3 0 .19
2 .1125 0 .0 5 4 .4324 101 .6 149 .6 0 .1 5
0 .046 .4304 117 .5 174 .4 0 .1 4
2 .1175 0 .050 .4232 131 .3 1 84 .4 0 .1 3
0 .042 .4221 233 .1 329 .2 0 .0 9
2 .1225 0 .0 5 0 .4146 191 .2 256 .5 0 .0 9
0 .042 .4128 310.3 419 .5 0 .07
2 .1275 0 .050 .4052 212 .7 274 .2 0 .0 8
0 .042 .4036 368 .5 478 .4 0 .0 5
TABLE D.47
D ata f o r  (0 3 = 1 3 ° , p 3 = 1 .0 5 4  GeV/c) a t  S 4 = 64°
JI34 P j t l 4 d Sa * 3 Ad5<r/ d*cj
2 .1075 0 .070 .4160 71 .3 110.3 0 .2 1
2 .1125 0 .070 .4066 6 0 .8 90 .0 0 .23
0 .062 .4053 9 3 .5 138.3 0 .1 4
0 .0 5 4 .4039 121 .4 179.1 0 .1 7
2 .1175 0 .070 .3976 8 4 .9 120 .9 0 .1 8
0 .062 .3960 88 .4 125 .6 0 .1 7
0 .054 .3951 148 .4 2 1 0 .9 0 .1 2
0 .046 .3934 193 .6 274 .1 0 .1 1
2 .1225 0 .066 .3872 108 .4 146 .8 0 .1 7
0 .058 .3860 109 .7 150.1 0 .1 6
0 .050 .3841 257 .5 351.3 0 .1 0
0 .042 .3824 302.3 411.3 0 .0 8
2 .1275 0 .058 .3763 175 .7 232 .0 0 .1 1
0 .050 .3737 275 .4 362 .5 0 .0 8
0 .042 .3719 344 .4 452 .0 0 .0 7
2 .1325 0 .0 5 0 .3618 356 .4 452 .0 0 .0 5
2 .1375 0.062 .3521 308.6 380 .0 0 .0 5
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TABLE D.48
D ata f o r  (S3 = 1 3 ° , p s = 1 .0S 4  GeV/c) a t  5 4 = 72°
M 3 4 P 5 t * 4
2.1175 0 .074 .3707
0.066 .3691
0.058 .3672






2.1325 0 .070 .3363
0.062 .3348
0 .0 5 4 .3329
2 .1375 0 .070 .3238
0 .062 .3215
2 .1425 0 .078 .3128
0 .070 .3100
2 .1475 0.082 .2979
2 .1525 0 .094 .2856
Ad5<r/d5<r
95 .0 118 .9 0 .1 8
107.2 1 32 .9 0 .20
102.9 126 .1 0 .1 7
106.3 128 .4 0 .15
159.1 190 .4 0 .14
196.1 23 1 .9 0 .11
96.5 112 .4 0 .1 7
165.3 191 .7 0.11
261.8 300 .8 0 .0 8
115.8 130 .5 0.13
210.1 235 .3 0 .0 9
254.5 282 .1 0.07
149.9 163.3 0 .1 0
214.0 230 .4 0 .07
108.7 116 .7 0 .1 0
153.4 161 .0 0 .07
110.0 112 .2 0 .08
62 .9 6 2 .6 0 .10
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D ata f o r (0 3 = 1 3 ° ,
TABLE D.49 
p 3 = 1 .054 GeV/c) ia t  04 = 80°
P j 1 14 d *o Ad a /  d cr
2 .1175 0 .074 .3458 95 .4 97 .0 0 .2 0
2 .1225 0.078 .3510 68 .9 78 .1 0 .2 0
0 .070 .3337 108.9 107 .0 0 .1 7
2 .1275 0 .0 7 8 .3231 91 .9 8 8 .4 0 .2 0
0 .070 .3225 157 .4 150 .9 0 .13
2 .1325 0.082 .3116 93 .8 87 .9 0 .1 8
0 .074 .3095 137 .2 126.7 0 .1 5
0 .056 .3082 177.3 162 .4 0 .1 0
2 .1375 0 .078 .2977 104.3 94 .0 0 .1 4
0 .070 .2955 179.9 159 .7 0 .1 0
2 .1425 0.082 .2841 104.1 90 .6 0 .1 3
0 .074 .2834 123.2 106 .9 0 .1 0
2 .1475 0 .090 .2709 100.6 85 .0 0 .11
2 .1525 0 .098 .2564 82 .2 67 .1 0 .0 7
2 .1575 0 .110 .2428 30 .1 2 4 .0 0 .1 3
TABLE D.50
D ata  fo r  (0 3 = 1 3 ° , p 3 = 1 .0 5 4  GeV/c) a t  04 = 88°
M*4 P j 114 d *o
J s Ad or/ d a
2 .1325 0.086 .2884 84 .5 6 4 .8 0 .20
2 .1375 0 .090 .2748 78 .0 57 .8 0 .1 9
0 .082 .2734 1 1 1 . 1 81 .6 0 .1 4
2 .1425 0 .094 .2604 95 .2 6 8 .0 0 .1 8
0 .086 .2597 111 .8 79 .6 0.13
2 .1475 0 .1 0 6 .2480 61 .6 43 .2 0 .1 8
0 .098 .2463 84.7 58.7 0 .1 4
2 .1525 0 .110 .2347 53 .4 36 .7 0 .1 9
0 .102 .2307 58 .4 39 .1 0 .1 4
2 .1575 0 .114 .2170 47 .4 3 1 .0 0 .17
2 .1625 0 .126 .2030 3 5 .9 2 3 .0 0 .1 4
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TABLE D.51
D ata fo r (0j = 13°, p ,  = 1 .054 GeV/c) ;a t 0 4 = 96°
m34 P i *14 d So A d 1 a /  d *  or
2 .1425 0.102 .2428 6 0 .1 3 7 .0 0 .23
2 .1475 0 .1 1 4 .2255 56 .5 3 3 .0 0 .2 6
0 .106 .2240 7 0 .8 41 .0 0.21
2 .1525 0 .1 1 4 .2091 4 0 .4 22 .7 0 .2 5
2 .1575 0.126 .1928 4 6 .8 25 .3 0 .21
TABLE D.52
D ata f o r  (0 9 = 1 5 ° , p 9 = .789 GeV/c) a t  0 4 = 24°
M3 4 P j *14 d 5 <r 4>a
,  i  s 
A d  c r / d  a
2 .1325 0.102 .5413 41 .6 18 .1 0 .1 4
2 .1375 0.106 .5375 3 2 .5 1 3 .6 0 .15
0 .098 .3000 61 .7 2 6 .0 0 .11
2 .1425 0.110 .5332 3 5 .4 14 ,3 0 .1 4
0 .102 .5325 48 .3 19 .7 0 .15
2 .1475 0.114 .5293 3 0 .0 11 .8 0 .1 7
0 .106 .5283 52 .9 2 1 .0 0 .1 5
2 .1525 0 .114 .5243 45 .7 17 .7 0 .1 1
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TABLE D.53
D ata f o r  <8, = 1 5 ° , p ,  = .789 GeV/c) a t  S4 = 28°
P*
2 .1175 0 .102 .5408
0 .094 .5400
2.1225 0 .102 .5362
0 .094 .5356
0 .086 .5347
2.1275 0 .094 .5311
0.086 .5301






2 .1475 0.106 .5118
0.098 .5112
2 .1525 0 .106 .5066
2.1575 0 .118 .5025
d *<s Ad * of  d <j
2 9 .0 1 5 .6 0 .21
34 .6 1 8 .8 0 .23
3 3 .4 1 7 .1 0 .21
3 8 .9 2 0 .1 0 .21
6 2 .4 3 2 .5 0 .16
4 0 .8 2 0 .1 0 .1 7
6 5 .9 3 2 .8 0 .12
4 6 .9 2 2 .3 0 .17
7 6 .4 3 6 .6 0.12
4 9 .4 22 .7 0 .1 4
7 1 .9 33 .3 0 .11
4 8 .8 2 1 .6 0 .12
64 .3 2 8 .7 0 .11
3 9 .8 17 .1 0 .13
6 5 .8 2 8 .6 0 .11
50 .3 21 .3 0 .1 0
3 8 .8 1 6 .0 0 .13
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D ata f o r (5 , =
TABLE D .54 
15°, p ,  = .789 GeV/c) ;a t  = 32°
m14 P j t n d*(T Ad, a/d*ar
2 .1275 0.094 .5153 4 1 .9 23 .1 0 .17
0 .086 .5145 64 .8 36 .0 0 .15
0 .078 .5137 80 ,8 45 .3 0 .12
2 .1325 0 .0 9 4 .5103 44 .8 2 3 .7 0 .16
0 .086 .5092 58 .8 31 .4 0 .15
0 .078 .5085 90.1 48 .5 0 .11
2 .1375 0 .094 .5045 69.3 35 .4 0 .13
0 .086 .5036 74 .5 38 .5 0 .12
0 .078 .5027 107.5 56 .0 0 .09
2 .1425 0 .094 .4988 42 .3 2 1 .0 0 .17
0 .086 .4979 9 2 .5 4 6 .4 0 .1 0
2 .1475 0 .094 .4928 7 9 .4 38 .5 0 .0 9
2 .1525 0 .102 .4876 58 .5 27 .6 0 .0 9
2 .1575 0 .114 .4825 45 .1 20 .7 0 .09
TABLE D.55
D ata fo r (S3 = 15°. Ps = .789 GeV/c) a t S4 = 36°
m34 P* d*cr ** Adi <r/d, (y
2 .1275 0 .090 .4981 49 .2 23 .1 0 .16
0.082 .4970 6 7 .7 43 .2 0 .15
2 .1325 0.082 .4912 85 .8 52.5 0 .12
0.074 .4900 131 .7 81 .6 0 .0 9
2 .1375 0.082 .4848 87 .4 51.7 0 .11
0 .074 .4848 119.7 71 .0 0 .09
2 .1425 0 .090 .4798 94 .2 53 .4 0 .11
0.082 .4789 114 .4 6 5 .4 0 .0 8
2 .1475 0 .094 .4734 81 .5 45 .0 0 .09
0 .086 .4732 78 .2 43.3 0 .0 9
2 ,1525 0.102 .4671 6 9 .5 37 .4 0 .0 9
2 .1575 0.110 .4625 3 1 .6 1 6 .4 0 .09
2 .1625 0 .130 .4551 18 .7 9 .6 0 .20
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D ata  f o r (5 , =
TABLE D .56 
1 5 ° . p ,  = .789 GeV/c) ia t S4 = 40°
M ,4 P j 114 d*o Ad* a/d* a
2 .1325 0 .074 .4729 125 .0 8 9 .0 0 .1 0
0 .068 .4718 195 .2 140 .5 0 .1 1
2 .1 3 7 5 0 .082 .4677 80 .1 54 .2 0 .11
0 .0 7 4 .4657 148.0 102 .0 0 .0 8
2 .1 4 2 5 0 .086 .4604 76 .5 50 .2 0 .11
0 .0 7 8 .4591 102.6 68 .2 0 .09
2 .1 4 7 5 0 .086 .4532 84 .6 54 .2 0 .0 8
2 .1525 0 .098 .4466 61 .2 38 .0 0 .0 8
2 .1 5 7 5 0 .114 .4391 2 0 .5 1 2 .4 0 .15
2 .1 6 2 5 0 .130 .4325 1 3 .7 8 .1 0 .21
0 .1 2 2 .4353 1 2 .5 7 .3 0 .1 5
2 .1675 0 .146 .4270 9 .2 5 .3 0 .33
0 .1 3 8 .4296 1 5 .1 8 .6 0 .2 0
D ata  f o r (0 , =
TABLE D .57 
1 5 ° , p 3 = .789 GeV/c) a t S4 = 44°
m34 Ps ^14 d*a Ad*tr/d5cr
2 .1375 0 .078 .4475 80.6 64 .3 0 .1 4
0 .0 7 0 .4464 155,7 125 .6 0 .08
2 .1 4 2 5 0 .086 .4406 47 .2 3 6 .2 0 .15
0 .078 .4393 119 .6 9 2 .9 0 .0 8
2 .1 4 7 5 0 .086 .4324 84 .8 6 3 .6 0 .0 8
2 .1 5 2 5 0 .098 .4253 38 .8 2 8 .2 0 .13
2 .1575 0 .110 .4187 2 6 .8 1 8 .8 0 .11
2 .1625 0 .130 .4098 1 2 .0 8 .3 0 .2 5
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TABLE D. 58
D ata f o r  (S3 = 1 5 ° , p 3 = .789 GeV/c) a t  § 4 = 48°
M 3 « Ps * 1 4 ** Ad*ff/d50
2 .1425 0 .078 .4185 85 .4 7 7 .9 0 .0 9
2 .1475 0 .086 .4124 75 .5 6 5 .8 0 .0 9
2 .1525 0 .098 .4038 49 .5 4 2 .0 0 .1 0
2 .1575 0 .110 .3966 2 6 .8 2 2 .1 0 .1 5
2 .1625 0 .130 .3866 15 .8 1 2 .8 0 .25
0.122 .3905 13 .6 10 .8 0 .2 1
TABLE D .59
D ata  fo r (§ 3 = 1 5 ° , p 3 = .789 GeV/c) ja t 0 4 = 52'
M3 4 Ps *14 d5o ** Ad * or/ d *o
2 .1525 0 .102 .4113 25 .6 2 0 .5 0 .1 5
0 .094 .4385 50 .8 3 3 .6 0 .1 4
2 .1575 0 .110 .4460 35 .1 2 0 .4 0 .1 4
2 .1625 0 .134 .3136 9 .6 1 0 .5 0 .2 0
0 .126 .3754 15 .3 1 3 .4 0 .2 7
d a ta  f o r ( 0 3  =
TABLE D.60 
1 5 ° , p* “  .789 GeV/c) a t  84 = 56°
M j 4 P 5 * 1 4 d 5<r A d*a/dS<r
2.1575 0 .114 .3515 1 7 .1 18 .1 0 .2 4
0 .106 .3563 2 1 .8 2 2 .8 0 .1 4
2.1625 0 .130 .3423 1 4 .4 1 4 .9 0 .2 1
0 .122 .3468 1 4 .4 1 4 .7 0 .2 1
TABLE D.61
D ata f o r (6 , = 1 5 ° , P j — .962 GeV/c) ia t  0 4 = 36
M ,4 P j * 1 4 d*ff AdSflf/d*cr
2 .1125 0 .102 .5165 2 6 .2 18 .6 0 .23
0 .094 .5158 2 5 .9 18 .6 0 .2 7
2 .1175 0 .098 .5107 2 4 .5 16 .5 0 .2 8
0 .082 .5086 6 9 .1 47 .7 0 .1 4
2 .1225 0 .090 .5041 50 .7 32 .7 0 .2 2
0 .0 7 4 .5023 7 9 .8 52.6 0 .1 4
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TABLE D.62
D ata f o r  (S 3 = 1 5 ° , p 3 = .962 GeV/c) a t  04 = 40°
M ,4 P 5 *14 d *o Ad, <r/d5cr
2 .1125 0 .0 9 4 .5006 36 .4 30 .4 0 .3 6
0 .086 .4995 4 2 .8 36 .3 0 .26
0 .0 7 8 .4979 54 .6 4 7 .1 0 .1 6
2.1175 0 .090 .4936 3 4 .9 2 7 .7 0 .2 9
0 .082 .4929 39 .7 3 1 .9 0 .25
0 .074 .4920 57 .7 4 6 .9 0 .21
2 .1225 0 .086 .4876 37 .7 2 8 .4 0 .2 1
0 .078 .4863 40 .2 3 0 .7 0 .23
0 .0 7 0 .4853 99 .1 7 6 .7 0.13
2 .1275 0.074 .4795 6 4 .2 4 7 .0 0 .1 6
0 .066 .4787 123 .0 9 0 .9 0 .1 1
TABLE D.63
D ata f o r (S 3 = 1 5 ° , P j = .962 GeV/c) a t 0 4 = 44*
M34 Ps *14 d*<* ** Ad5ff/d5cr
2 .1125 0.082 .4828 52 .6 53 .7 0 .1 9
2 .1175 0 .082 .4767 45 .6 4 2 .9 0 .2 2
0 .074 .4755 61 .1 58 .2 0 .23
2 .1225 0 .090 .4716 35 .2 3 0 .7 0 .23
0 .082 .4700 74 .0 6 5 .8 0 .1 5
0 .0 7 4 .4687 3 8 .6 3 4 .8 0 .2 6
0 .0 6 6 .4676 7 5 .8 6 9 .2 0 .1 7
2 .1275 0 .082 .4634 48 .4 4 0 .8 0 .1 9
0 .074 .4620 69 .7 59 .8 0 .1 7
0 .066 .4607 137.2 119.3 0 .1 0
2 .1325 0 .082 .4563 6 6 .8 5 4 .0 0 .1 5
0 .0 7 4 .4545 85 .4 7 0 .4 0 .1 4
0 .066 .4530 113.4 9 4 .8 0 .1 2
2 .1375 0 .078 .4478 88.5 6 9 .7 0 .0 9
0 .0 7 0 .4465 126.4 101 .0 0 .0 9
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D ata f o r ( e a  =
TABLE D.64 
1 5 ° , p 3 = .962 GeV/c) ;a t  e 4 “  48°
Ms4 Ps f  3.4 d *<r ** Ad*a/ d*ff
2 .1175 0 .074 .4592 56 .7 62 .7 0 .1 9
2 .1225 0 .074 .4527 IQ.2 73 .1 0 .1 6
0 .066 .4508 74 .3 7 8 .8 0 .1 6
2 .1275 0.086 .4460 3 2 .7 3 1 .9 0 .2 4
0 .078 .4451 3 8 .8 3 8 .5 0 .23
0 .070 .4439 7 5 .0 75 .3 0 .1 5
0 .062 .4426 88 .2 8 9 .8 0 .1 5
2 .1325 0 .082 .4381 53 .1 50 .1 0 .17
0 .0 7 4 .4369 6 8 .9 6 5 .8 0 .1 6
0 .066 .4352 123 .4 120 .0 0 .1 1
2 .1375 0 .078 .4300 8 3 .0 7 5 .7 0 .1 2
0 .070 .4277 154 .2 143 .7 0 .2 4
2 .1425 0 .082 .4210 9 2 .0 81 .8 0 .1 0
0 .074 .4197 113 .8 102 .5 0 .0 9
D ata f o r (03 =
TABLE D.65 
15 , p 3 = .962 GeV/c) ia t 04 = 52°
M,4 Ps d *<r d>* Ad*<r/d*ff
2 .1225 0 .078 .4357 43 .3 51 .4 0 .2 6
0 .070 .4347 71 .0 85 .1 0 .1 7
2 .1275 0 .074 .4275 6 2 .4 7 0 .9 0 .1 6
0 .066 .4258 119 .4 137 .6 0 .13
2 .1325 0.082 .4205 39 .6 4 2 .8 0 .2 5
0 .074 .4188 79 .2 86 .6 0 .1 4
0 .066 .4172 112 .1 124 .2 0 .13
2 .1375 0 .078 .4111 87 .5 91 .7 0 .13
0 .070 .4085 107.7 115 .1 0 .11
2 .1425 0.078 .4005 103 .8 106 .8 0 .1 0
2 .1475 0.086 .3921 7 9 .9 79 .7 0 .1 0
TABLE D.66
Data fox (03 = 15°, p3 * .962 GeV/c) at 54 = 56°
M34 P j ^1 4 d 5<j Ad*cr/d4<r
2 .1225 0.082 .4194 3 7 .4 4 8 .7 0 .2 4
0 .074 .4185 56 .5 7 4 .2 0 .2 1
2 .1275 0 .078 .4108 4 9 .2 6 1 .5 0 .2 0
0 .070 .4092 6 0 .9 7 6 .9 0 .2 0
2 .1325 0 .082 .4030 4 9 .4 59 .1 0 .2 0
0 .074 .4011 7 2 .4 8 7 .5 0 .1 5
0 .066 .4002 103 .9 126 .4 0 .13
2 .1375 0.082 .3943 4 9 .5 5 7 .0 0 .1 8
0 .074 .3912 93 .3 1 09 .4 0 .1 3
0 .068 .3916 124 .4 1 4 5 .9 0 .1 4
2 .1425 0.086 .3840 52 .3 5 8 .8 0 .1 5
0 .078 .3819 8 0 .4 9 1 .4 0 .13
2 .1475 0.086 .3727 49 .6 5 4 .8 0 .1 4
2 .1525 0 .098 .3636 39 .3 4 2 .2 0 .13
TABLE D.67
D ata f o r (0 3 = 1 5 ° . p s = .962 GeV/c) ii t  S4 = 64'
M34 P j d 4ff Ad* or/d* or
2 .1225 0 .078 .3881 7 5 .8 103 .5 0 .2 0
2 .1275 0 .082 .3802 4 8 .4 6 3 .8 0 .2 7
0 .074 .3793 65 .1 86 .1 0 .2 5
2 .1325 0.082 .3705 6 2 .0 7 9 .2 0 .23
0 .074 .3687 84 .2 107 .5 0 .1 8
2 .1375 0.082 .3597 83 .0 102 .7 0 .1 6
0 .074 .3578 85 .1 105 .4 0 .1 8
2 .1425 0.086 .3486 5 9 .5 7 1 .6 0 .1 8
0 .078 .3474 101 .5 122 .3 0 .1 2
2 .1475 0 .098 .3401 58 .2 6 8 .2 0 .1 7
0.090 .3376 68 .3 8 0 .1 0 .1 5
2 .1525 0 .098 .32 59 5 3 .0 6 0 .7 0 .1 3
2 .1575 0 .110 .3162 32 .7 36 .7 0 .1 5
203
TABLE D .6 8
D ata f o r  (5* = 1 5 ° , p* = .962 GeV/c) a t  S4 = 72°
m, 4 Ps
2.1325 0 .090 .3407
2.1375 0 .090 .3290
2.1425 0.086 .3155
2 .1475 0 .094 .3042
2 .1525 0 .104 .2940
2 .1575 0 .118 .2804
d*or <** Ad*<r/d5o
7 0 .7 81 .2 0 .3 0
83 .3 9 2 .9 0 .1 9
6 4 .2 6 9 .1 0 .1 9
4 4 .2 4 6 .5 0 .2 5
4 8 .5 50 .3 0 .1 6
3 4 .4 3 4 .6 0 .2 1
TABLE D .69




2 .1225  0.078
5
t 14 d or
.4452 3 6 .9
.4442 53 .7
.4362 6 1 .9
<fr3 Adi <r/d5<j
4 5 .4  0 .2 2
66.8  0.20
7 3 .4  0 .1 6
D ata f o r ( S 3 = 15°,
TABLE D.70 
p s = 1.053 GeV/c) ia t  0 4 = 56
M34 P j d*a **
5 5 Ad a/  d cr
2 .1175 0 .094 .4309 2 9 .9 40.1 0 .27
0 .085 .4292 28 .3 38 .4 0 .2 9
0 .078 .4281 2 6 .9 36 .8 0 .30
2 .1225 0 .098 .4231 2 2 .8 29 .0 0 .30
0 .090 .4216 2 3 .0 29 .6 0 .3 0
0.082 .4205 2 3 .2 30 .0 0 .3 0
0 .074 .4192 82 .2 107.6 0 .1 5
2 .1275 0 .074 .4100 4 2 .5 53 .4 0 .21
0 .066 .4090 77 .6 98.2 0 .1 4
D ata f o r (0 S = 15°,
TABLE D.71 
p 3 = 1 .053 GeV/c) a t : 0 4 = 64°
mj4 P j t j . 4 d*<r Ad5<r/d5cr
2 .1225 0.078 .3891 53 .4 73.1 0.23
2 .1275 0 .094 .3822 3 3 .8 44 .4 0 .35
0 .086 .3810 50 .7 6 6 .9 0 .24
0 .078 .3795 51.3 67 .8 0 .2 5
2 .1325 0.094 .3726 2 6 .7 34 .0 0 .37
0.086 .3715 64 .6 82.5 0 .18
0 .078 .3702 66 .3 84.7 0 .18
2 .1375 0.090 .3618 38 .7 47 .8 0 .2 8
0 .082 .3605 6 5 .9 81.7 0 .2 0
0.074 .3575 93 .9 116.3 0 .1 4
2 .1425 0.094 .3510 48 .7 58.5 0 .1 8
0.086 .3490 6 3 .4 76.3 0 .16
0 .078 .3473 71 .1 85.7 0 .1 4
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TABLE D.72
D ata fo r (3 , = 1 5 ° . P i = 1.053 GeV/c) 1a t  S 4  = 72°
M3 4 P j tj.4 d *a Ad5«r/d*ar
2 .1275 0 .090 .3525 6 3 .4 75 .5 0 .21
2 .1325 0 .085 .3396 5 8 .0 66 .4 0 .22
2 .1375 0 .098 .3310 3 8 .3 43 .0 0 .2 9
0 .090 .3297 5 3 .6 60 .0 0 .22
2 .1425 0 .106 .3205 2 9 .5 32 .4 0 .3 0
0 .098 .3188 4 6 .7 50.9 0 .2 1
0 .090 .3177 6 9 .9 76.2 0 .1 6
2 .1475 0 .102 .3069 3 3 .0 35 .0 0 .3 0
0 .094 .3044 4 2 .3 44 .6 0 .21
2 .1525 0 .110 .2954 4 1 .9 43.7 0 .21
0 .102 .2927 3 7 .8 39 .0 0 .1 8
TABLE D.73
D ata  fo r (0 3 = 1 5 ° , Ps = 1.053 GeV/c) 1a t  0 4 « 80
M3 4 P j t l 4 d*a Ad5cr/d3c
2 .1375 0 .102 .3032 3 7 .5 35 .0 0 .32
2 .1425 0 .106 .2898 5 4 .2 49 .0 0 .28
2 .1475 0 .1 1 0 .2770 3 1 .2 27 .5 0 .3 2
2 .1525 0 .110 .2635 5 6 .7 48 .7 0 .1 9
2 .1575 0 .122 .2509 3 4 .8 29 .2 0.23
0 .1 1 4 .2521 3 1 .7 2 7 .0 0.22
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D ata f o r (5 , =
TABLE D .74 
1 7 ° , p 3 = .708 GeV/c) a t  5 4 = 24°
m14 P i t x 4 d * o r Ad5<r/d5<r
2 .1425 0 .130 .5354 1 8 .4 7 .3 0 .17
2 .1475 0 .138 .5318 20 .3 7 .8 0 .1 0
0 .130 .5300 2 3 .0 8 .9 0 .13
2 .1525 0 .146 .5276 11 .7 4 .4 0 .12
0 .138 .5272 11 .6 4 .4 0 .18
0 .130 .5265 1 3 .6 5 .2 0 .17
2 .1575 0.150 .5235 1 2 .4 4 .6 0.12
0 .142 .5228 1 2 .9 4 .8 0 .18
2 .1625 0 .150 .5191 16 .1 5 .9 0 .11
2 .1675 0.162 .5153 9 .6 3 .4 0 .15
TABLE D .75
D ata fo r (§ 3 = 1 7 ° . 5 3 = .708  GeV/c) ia t  S4 = 28°
m34 P i ^14 d*o Ad5(i/d 5(r
2 .1425 0 .122 .5193 2 3 .4 10 .1 0.13
2 .1475 0.126 .5148 26 .3 1 1 .0 0.11
0 .118 .5139 25 .4 1 0 .8 0 .1 2
2 .1525 0.130 .5104 1 9 .6 8 .0 0 .14
0.122 .5094 2 6 .9 1 1 .1 0 .11
2 .1575 0.138 .5056 17 .3 6 .9 0 .14
0 .130 .5048 2 0 .5 8 .3 0 .11
2 .1625 0.146 .5007 1 7 .4 6 .8 0 .11
2 .1675 0 .154 .4965 13 .3 5 .2 0 .12
2 .1725 0 .174 .4917 5 .4 2 .1 0 .14
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TABLE D.76
D ata fo r  (0 3 = 1 7 ° , p 3 = .708 GeV/c) a t  0* = 32°
M,4 P * t 14 d*(j * 2 Ad5«j/d5<j
2 .1475 0.118 .4967 2 5 .6 1 2 .0 0 .1 2
0 .1 1 0 .4956 41 .1 1 9 .4 0 .0 9
2 .1525 0 .126 .4919 16 .3 7 .4 0 .1 4
0 .118 .4906 30 .3 1 3 .9 0 .1 1
2.1575 0 .134 .4864 1 7 .2 7 .6 0 .1 4
0 .126 .4857 2 8 .6 1 2 .8 0 .0 9
2 .1625 0.142 .4806 15 .1 6 .6 0 .1 1
0 .134 .4808 17 .3 7 .6 0 .1 1
2 .1675 0 .1 5 4 .4754 5 .7 2 .4 0 .1 7
0 .146 .4765 9 .3 4 .0 0 .1 6
2 .1725 0 .170 .4702 4 .9 2 .1 0 .1 4
2 .1775 0.178 .4680 5 .2 2 .1 0 .1 4
TABLE D.77
D ata fo r (9 , = 17°. P s  = .708 GeV/c) ;a t  S4 = 36'
m34 P * 1 1 4 d*(T <&* Ad a / d Sa
2 .1575 0 .126 .4655 31 .7 16 .0 0 .0 8
2 .1625 0 .134 .4596 19 .6 9 .8 0 .11
2 .1675 0.150 .4531 10 .5 5 .1 0 .1 0
2 .1725 0.162 .4492 6 .3 3 .0 0 .1 5
2 .1775 0.186 .4432 2 .3 1 .1 0 .26
0 .178 .4448 3 .1 1 .5 0 .1 9
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TABLE D.78
D ata f o r (Ss = 1 7 ° , p ,  = .708 GeV/c) a t  0 4 = 40°
Ms 4 P j 1 1 4 d*a d*<j
2 .1625 0.130 .4381 1 9 .5 11 .1 0 .1 1
2 .1675 0 .146 .4312 1 0 .6 6 .0 0 .11
2 .1725 0 .158 .4265 5 .2 2 .8 0 .13
TABLE D.79
D ata f o r (0, = 1 7 ° , 5s = .708 GeV/c) a t  04 = 44°
M3 4 P j
5
t l4  d a Ad*ff/dScr
2 .1675 0.142 .4096 1 1 .8 7 .7  0 .12
TABLE D.80
D ata fo r (0 j = 1 7 ° . Ps = .708 GeV/o) a t  S4 = '
M34 P* 1 14 d 5<r Ad*<r/ d
2 .1675 0.150 .3831 4 .9 3 .8 0 .1 6
2 .1725 0.166 .3761 3 .5 2 .6 0 .26
0.158 .3796 4 .4 3 .2 0 .16
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TABLE D.81
D ata f o r ( 0 3  = 1 7 ° , P 3 = .854 GeV/c) ;a t 0 4 = 28°
m34 P j 1 14 d Sc ** Ad*tr/d5<y
2 .1375 0 .130 .5252 1 4 .5 6 .4 0 .1 2
0.122 .5243 1 9 .8 8 .8 0 .1 0
0 .114 .5235 2 2 .1 9 .9 0 .1 3
2 .1425 0 .130 .5202 1 5 .4 6 .6 0 .1 0
0.122 .5195 2 6 .1 1 1 .3 0 .0 8
0 .114 .5184 2 7 .2 1 1 .9 0 .0 8
TABLE D.82
D ata f o r  (5 , = 1 7 ° , p ,  = .854 GeV/c) a t  S4 = 32°
m 34 P j f  14 d*ff Ad*or/ d*cr
2 .1225 0.118 .5231 1 3 .7 7 .7 0 .1 5
0 .110 .5223 17 .3 9 .8 0 .1 4
2 .1275 0.130 .5196 9 .2 4 .8 0 .1 5
0.122 .5186 9 .5 5 .0 0 .2 5
0 .114 .5176 1 1 .9 6 .4 0 .1 8
0.106 .5169 1 2 .0 6 .5 0 .2 1
2 .1325 0.122 .5136 1 1 .6 5 .9 0 .1 9
0.114 .5126 1 4 .1 7 .2 0 .2 1
0.106 .5117 2 8 .5 1 4 .8 0 .1 2
2 .1375 0.122 .5084 1 6 .5 8 .1 0 .1 2
0.114 .5074 2 1 .6 1 0 .7 0 .1 1
0.106 .5064 2 8 .6 1 4 .4 0 .0 9
2 .1425 0.122 .5030 1 4 .9 7 .1 0 .1 2
0 .114 .5018 1 6 .4 7 .9 0 .1 4
0.106 .5009 3 2 .8 1 6 .0 0 .0 8
2 .1475 0.118 .4969 2 8 .8 1 3 .4 0 .1 1
0 .110 .4954 2 5 .2 1 1 .9 0 .1 1
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TABLE D.83
D ata f o r  (0 , = 1 7 ° , p a = .854 GeV/c) a t  S4 = 36°
M34 P* 114 d*a Ad*(r/dSff
2 .1275 0.110 .5012 1 8 .5 11 .3 0 .1 6
2 .1325 0.110 .4956 18 .1 10 .6 0 .1 4
0.102 .4945 34 .3 20 .3 0 .0 9
2 .1375 0.114 .4903 18 .1 10 ,1 0 .1 7
0.106 .4892 29 .7 16 .8 0 .1 0
0.098 .4872 3 4 .4 1 9 .8 0 .1 0
2 .1425 0 .114 .4844 2 0 .7 11 .2 0 .13
0.106 .4831 2 7 .6 15 .2 0 .1 0
0 .098 .4819 3 5 .5 19 .8 0 .0 8
2 .1475 0 .114 .4779 3 2 .1 1 7 .0 0 .0 9
0.106 .4767 4 5 .8 2 4 .6 0 .0 7
2 .1525 0.118 .4716 2 8 .5 1 4 .8 0 .0 8
0.110 .4708 2 7 .0 14 .1 0 .0 7
TABLE D .84
D ata f o r (0 3 = 17 ° . P j = .854 GeV/c) ia t e4 = 40'
M,4 P* f  14 d*<j Ad * a I d * a
2.1275 0.114 .4850 1 3 .7 9 .6 0 .1 9
0.106 .4837 2 1 .3 1 5 .0 0 .1 5
0.098 .4829 2 6 .0 1 8 .6 0 .1 5
2.1325 0 .094 .4760 4 1 .8 2 8 .8 0 .0 9
2.1375 0.114 .4726 1 7 .5 11 .2 0 .1 5
0.106 .4716 2 0 .8 13 .4 0 .1 4
0.098 .4706 3 2 .0 2 1 .0 0 .1 0
2 .1425 0.110 .4654 3 0 .4 1 9 .0 0 .1 0
0.102 .4640 2 8 .3 18 .0 0 .1 1
0.094 .4627 3 5 .2 2 2 .6 0 .0 9
2 .1475 0.110 .4582 2 8 .8 1 7 .6 0 .1 0
0.102 .4569 3 4 .2 2 1 .2 0 .0 8
2.1525 0.118 .4518 1 8 .1 10 .7 0 .1 2
0.110 .4503 2 5 .2 15 .2 0 .1 0
2 .1575 0.126 .4447 14 .5 8 .4 0 .1 1
0.118 .4443 2 3 .7 1 3 .9 0 .0 8
2 1 1
TABLE D .85
D ata f o r  (0 3  -  17° ,  p 3  -  .854 GeV/c) a t  0 4  = 44°
M34 P* t i «
2 .1225 0.118 .4748
0 . 1 1 0 .4740
0 . 1 0 2 .4727
2.1275 0.106 .4670.
2 .1325 0 . 1 1 0 .4607
0 . 1 0 2 .4596
0.094 .4582
2 .1375 0 . 1 1 0 .4540
0 . 1 0 2 .4524
0.094 .4512
2 .1425 0 . 1 1 0 .4463












1 4 .7 12 .4 0 . 2 1
1 3 .0 1 1 . 1 0 . 2 2
2 3 .3 2 0 . 2 0.13
3 6 .5 29 .8 0 . 1 2
2 0 . 8 16.2 0 .14
1 9 .0 14 .9 0 .16
2 8 .0 2 2 .4 0.13
2 0 .4 15 .2 0 .15
3 0 .9 23 .4 0 . 1 1
3 2 .6 25 .0 0 . 1 0
31 .6 22 .9 0 .09
3 0 .9 22 .7 0 . 1 1
3 0 .8 23 .0 0 . 1 0
2 6 .9 18 .9 0 .09
2 8 .5 20.3 0 . 1 1
2 9 .7 21 .4 0 .09
2 6 .1 18.1 0 . 1 0
2 9 .5 2 0 . 6 0 .08
1 3 .2 8 .9 0 . 1 2
2 4 .6 16 .7 0 .08
1 3 .4 9 .0 0 .09
1 3 .4 8 .9 0 . 1 0
2 1 2
TABLE D . 8 6




0 . 1 1 0 .4427
0 . 1 0 2 .4417
0.094 .4402
2 .1375 0 . 1 1 0 .4359
0 . 1 0 2 .4338
2 .1425 0 . 1 1 0 .4275





2 ,1525 0.114 .4107
0.106 .4091




2 .1675 0.146 .3846
d Sc 4>3
5 5Ad a / & a
17 .1 16 .2 0 .18
8 . 6 7 .6 0 . 2 2
1 2 . 0 1 0 . 8 0.23
17 .6 16.1 0 .19
2 7 .2 25 .3 0 .13
1 1 .5 9 .9 0 .23
3 1 .5 2 7 .8 0 . 1 1
2 4 .0 2 0 . 2 0 . 1 1
29 .3 2 5 .0 0 . 1 0
2 9 .8 2 5 .8 0 . 1 0
1 9 .4 15 .9 0 . 1 2
2 8 .2 2 3 .4 0 . 1 0
2 9 .1 2 4 .4 0 .09
2 4 .9 2 0 . 0 0 .09
2 3 .6 19 .3 0 .09
14.3 11 .3 0 .14
19 .2 15.2 0 .09
8 . 8 6 .9 0 .13
1 1 .5 8 .9 0 .14
7 .2 5 .6 0 . 1 1
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TABLE D.87
Data f o r  (S s = 1 7 ° ,  p 9  = .854 GeV/c) a t  5 4  = 52°
M,* P s ^14
2 .1275 0.114 .4339
2 .1325 0.114 .4260
0 .106 .4248
2 .1375 0.114 .4176
0.106 .4164
0.098 .4151
2 .1425 0 , 1 0 2 .4071
2 .1475 0.114 .4003
0.106 .3982
2.1525 0.118 .3908
0 . 1 1 0 .3892
2 .1575 0.126 .3814
0.118 .3805
2 .1625 0.130 .3723
2.1675 0.142 .3642
2 .1725 0 .158 .3561
d*<r 4>a Ad5 cr/d*CT
1 1 .5 12 .3 0 .2 6
1 4 .9 15.3 0 .23
17 .2 17 .8 0 .1 9
1 8 .8 18 .6 0 .16
1 9 .4 19 .5 0 .17
2 7 .1 27 .5 0 .13
2 3 .1 2 2 . 6 0 .13
1 8 .8 17 .6 0 .1 4
2 4 .9 23 .8 0 . 1 1
2 0 . 8 1 9 .1 0 . 1 1
2 9 .2 27 .2 0 .0 8
14 .3 1 2 .9 0 .13
1 8 .4 16 .7 0 . 1 1
13 .3 1 1 . 8 0 . 1 1
9 .0 7 .8 0 . 1 0
4 .7 4 .0 0 .1 5
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D ata f o r (0 3  =
TABLE D. 8 8
17°. 5 3  = .854 GeV/c)
* -
a t  S 4  = 56°
M34 P* ^14 d Sa Ad5 <y/d*or
2 .1375 0.098 .3965 2 1 . 2 2 4 .0 0 .15
2 .1425 0.118 .3914 1 2 . 6 13 .5 0 .19
0 . 1 1 0 .3901 1 7 .4 18 .8 0 .17
0 . 1 0 2 .3881 31 .0 33 .9 0 . 1 1
2 .1475 0.118 .3820 1 5 .8 1 6 .5 0 .16
0 . 1 1 0 .3800 2 0 . 0 2 1 . 1 0 .16
0 . 1 0 2 .3785 2 2 . 0 2 3 .6 0 .13
2.1525 0 .118 .3717 16 .8 17 .3 0 .14
0 . 1 1 0 .3694 17 .4 18 .2 0 .14
2.1575 0.126 .3616 1 2 . 8 1 3 .0 0 .16
0.118 .3605 17 .2 17 .5 0 . 1 0
2.1625 0.138 .3508 5 .9 5 .9 0 .19
0.130 .3509 1 0 . 0 1 0 . 0 0 .15
2.1675 0.146 .3404 7 .4 7 .3 0 .1 4
2 .1725 0.158 .3331 3 .6 3 .5 0 .17
Data f o r (03 =
TABLE D.89 
17° , p j  = .854 GeV/o) 1a t  5* = 64°
M34 Ps
5d a <J>2
5 5Ad a/ d  a
2 .1475 0 . 1 2 2 .3464 2 1 . 1 2 4 .4 0 .1 8
0.114 .3445 1 3 .5 15 .7 0 .27
0.106 .3430 2 8 .2 33 .0 0 .1 4
2 .1525 0.130 .3365 16 .1 18.2 0 . 2 0
0 . 1 2 2 .3354 17 .2 19.6 0 .1 9
0.114 .3326 2 5 .2 28 .8 0 .15
2.1575 0.134 .3246 3 0 .4 33.7 0 . 1 0
0.126 .3236 2 2 .5 25 .1 0 .1 5
2.1625 0.138 .3132 8 .5 9.3 0 .2 8
0.130 .3126 1 5 .8 17.3 0 .17
2 .1675 0.150 .2997 8 .5 9 .1 0 ,25
2.1725 0.166 .2859 3 .3 3 .5 0 . 2 1
0.158 .2906 5 .2 5 .6 0 .19
TABLE D.90
Data f o r (53 = 17°. Pa = .854 GeV/c) ;a t  54 = 72°
m3 4 P j t n d*o 4>a Ad*cr/d a
2.1625 0.146 .2775 19.3 19 .6 0 .19
0.138 .2764 22 .3 22 .7 0 .17
2.1675 0.158 .2654 9.3 9 .3 0 .28
0.150 .2636 10 .5 10 .5 0 .23
2.1725 0.170 .2499 7 .0 6 . 8 0 . 2 1
0.162 .2517 6 . 8 6 . 8 0 .32
TABLE D.91
Data f o r  ( § 3  = 1 7° ,  p 3  = .854 GeV/c) a t  0 4  = 80°
H3 4  p s  t 1 4  d * c r  4* Ad5 tr /d5a
2 .1725  0 .182 .2175
0.174  .2159




8 .1  0 .27
7 .6  0 .29
6 .8  0 .21
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D ata f o r (S 3  =
TABLE D.92 
17°. p 3  = .979 GeV/c) ;a t  S 4  = 44°
M34 P* ^14 d*<r Ad5 <r/d5(r
2 .1125 0 .124 .4880 11 .3 1 0 . 6 0.18
2.1175 0 .114 .4802 1 9 .1 17.1 0 .15
2.1225 0 . 1 0 2 .4728 2 2 . 1 19.0 0.13
2.1275 0 . 1 0 2 .4661 2 0 . 8 17.0 0 .14
2.1325 0 .114 .4613 1 7 .2 13.1 0 .14
0 .106 .4603 2 1 . 0 16.2 0.13
0 .098 .4591 3 6 .2 28 .4 0.09
D ata f o r (Sj —
TABLE D.93 
17°, p 3  = .979 GeV/c) ia t  0 4  = 48°
Mj4 P* t l 4 d*ff ** A d*o/di CT
2.1275 0.098 .4482 1 6 .9 16.2 0.16
2.1325 0.118 .4442 1 1 . 0 9.7 0.16
0 . 1 1 0 .4429 1 4 .2 12.7 0.18
0 . 1 0 2 .4417 1 6 .9 15.4 0 .17
0 .094 .4405 1 9 .8 18.2 0 .18
2.1375 0.114 .4360 1 5 .7 13 .4 0.13
0.106 .4348 2 1 .9 19 .0 0.15
0.098 .4331 28 .3 25 .0 0 . 1 1
217
D ata  f o r ( 6 , =
TABLE D.94 
17°, p 3  = .979 GeV/c) a t  0 .j = 52°
m3 4 P* d 5<x Ad*(r/d5ff
2 .1225 0.118 .4421 10.3 11 .5 0 .26
0 . 1 1 0 .4408 1 4 .9 16 .8 0 .18
2.1275 0 .118 .4348 12 .7 13 .4 0 . 2 0
0 . 1 1 0 .4331 1 1 . 6 1 2 .5 0 .26
0 . 1 0 2 .4317 19 .7 21 .5 0 . 2 0
2.1325 0.106 .4246 14 .2 14 .7 0 . 2 2
0 .0 9 8 .4234 18 .1 19 .0 0 .17
2.1375 0 .118 .4186 14 .2 13 .9 0 .15
0 . 1 1 0 .4176 17 .4 17 .2 0 .16
0 . 1 0 2 .4157 2 1 . 6 2 1 .7 0 .16
0.094 .4139 31 .1 31 .8 0 . 1 0
2 .1425 0 . 1 0 2 .4072 31 .8 3 1 .0 0 .09
2 .1475 0 . 1 0 2 .3975 30 .6 29 .3 0 . 1 0
D ata f o r <03 =
TABLE D.95 
17°. p 3 -  .979 GeV/c) ia t  S4 = 56°
m3 4 P* *14 d*(T * 2 Adi o’/ d 5(r
2 .1275 0.114 .4171 1 0 . 2 1 2 . 2 0.23
0.106 .4163 14 .1 16 .9 0 . 2 0
2.1325 0.098 .4057 2 3 .9 2 8 .0 0.13
2.1375 0.106 .3982 15 .9 1 7 .8 0.16
0.098 .3968 2 1 . 0 23 .8 0 .14
2 .1425 0.106 .3889 2 2 . 2 24 .1 0 .13
0.098 .3878 2 5 .6 28 .1 0 . 1 2
2.1475 0 . 1 1 0 .3802 16 .4 17 .3 0 .15
0 . 1 0 2 .3786 2 7 .7 29 .6 0 . 1 2
2.1525 0.118 .3724 17 .9 18.3 0 .14
0 . 1 1 0 .3696 2 1 . 6 2 2 .4 0 . 1 0
218
TABLE D.96
D ata f o r (S3 = 17° , p 3 = .979 GeV/c) ;a t  0 4 = 64°
M34 Ps * 1 4 d Sa A d*a/d5<r
2 .1325 0.106 .3747 2 0 .9 26 .4 0 .21
2.1375 0.106 .3647 29 .2 35 .8 0 .15
2 .1425 0.106 .3544 2 0 .9 25 .0 0 .18
2.1475 0.106 .3430 23 .8 27 .8 0 .16
2 .1525 0.122 .3353 23 .6 2 6 .8 0 .16
0.114 .3325 26 .5 30.2 0.12
2.1575 0.130 .3245 15 .0 16.7 0 .21
0.122 .3218 2 6 .6 29 .7 0 .12
2.1625 0.138 .3132 14 .0 15.3 0 .16
TABLE D.97
D ata f o r  <§3 = 1 7° ,  p 3 = .979 GeV/c) a t  S4 = 72°
M3 4 P* * 1 4 d i ff ** Ad5(j/d5<r
2 .1425 0.130 .3248 15.2 16 .8 0 .20
2.1475 0.126 .3125 17 .6 19 .0 0 .19
2.1525 0.126 .3007 19 .6 20 .7 0 .19
2.1575 0.142 .2904 16 .1 16 .6 0 .19
0.134 .2880 21 .7 22 .3 0 .16
2.1625 0.138 .2752 15 .8 16 .0 0 .15
2.1675 0.154 .2643 12 .8 12 .8 0 .18
219
D ata  f o r (S 3  =
TABLE D.98 
1 9 ° ,  p 3  = .900 GeV/c) a t  0 4 = 44°
H , 4 Ps t X4 d*<r <(>’ Ad * or/ d a
2 .1375 0.126 .4558 1 2 .4 9 .0 0 .19
2 .1425 0 . 1 2  6 .4489 17 .2 1 2 . 1 0 .14
2 .1475 0.134 .4430 13 .0 8 .7 0 .15
0.126 .4418 14 .7 1 0 . 1 0 .14
2.1525 0.142 .4371 15 .8 10.3 0 . 1 2
0 .134 .43 53 14 .2 9 .4 0 .1 5
D ata f o r (5 3  =
TABLE D 
19° , i> 3  = .
.99
900 GeV/c) ia t  0 4  -  48°
M3 4 Ps t l 4 d*a AdS<r/d*<j
2 .1425 0.134 .4318 9 .8 7 .9 0 . 2 0
0.126 .4305 8 . 8 7 .2 0.23
2.1475 0.134 .4232 1 0 . 8 8 .5 0 .19
0.126 .4223 8 . 1 6 .4 0 .25
2.1525 0.142 .4168 9 .7 7 .3 0 .19
0.134 .4152 1 0 . 6 8 . 2 0.27
2 .1575 0.142 .4083 1 0 . 2 7 .6 0.23
0.134 .4064 1 0 . 1 7 .6 0.17
2 .1625 0.142 .3986 7 .4 5 .5 0 .19
TABLE D.100
Data f o r (S 3  = 19° , Ps “ .900 GeV/c) a t  0« = 52°
M3« Ps ^14 d*cr <!>* Ad*ff/dI cr
2 .1575 0.150 .3889 6 . 6 5 .6 0 . 2 1
0,142 .3876 6 .5 5 .6 0 .3 1
0 .134 .3860 12.4 1 0 . 8 0.16
2 .1625 0.150 .3794 9 .0 7 .5 0 . 2 1
0.142 .3772 9 .2 7 .9 0 .17
TABLE D.101
Data f o r (0 ,  = 1 9 ° . p 3  = .900 GeV/c) a t  0 4  = 56
M3 4 Ps t 1 4 d*o
5 5Ad er/d a
2 .1575 0.138 .3656 8 .4 8 . 2 0 .15
2.1625 0.154 .3588 6 . 0 5 .6 0 .25
0.146 .3570 6 .5 6 .3 0.23
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